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Abstract

This thesis consists of two parts. The first part focuses on studies of the spiral growt

pure Bi-2212 single crystals. The second part reports on magnetization peak effects in p

and doped Bi-2212 crystals grown through two-dimensional layer-by-layer or spiral growth
mechanisms.

Parti.

An overview of the research on high temperature superconducting (HTS) single crystals in

the period from the end of 1994 to the beginning of 1999 is provided. There is a particu
focus on single crystal growth of Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, and Tl-Ba-Ca-cu-O and

their characterisation for different compounds. The related questions of the electric an
magnetic properties of HTS single crystals are also reviewed.

Crystals of Bi2Sr2CaCu2Oy (Bi-2212) have been grown using KCl as a flux. A small amount
of Bi-2212 (5 wt %) and a large amount of KCl (95 wt %) were used for the crystal
growth. It was found, for the first time, that the Bi-2212 single crystal growth mainly
a spiral growth mechanism if the crystals are grown on the flux surface at temperatures

above 800°C. Single, double and multiple spirals with square, rectangular and other shap
were observed by optical microscope. It was found that the morphologies of spirals are
mainly hexagonal for crystals grown at temperature above 850°Q but only square when
growth temperatures were lower.

The surface nucrostructures of spiral grown Bi2Sr2CaCu2Oy (Bi-2212) single crystals were
investigated by atomic force microscopy. The crystal growth was confirmed to be mainly
ii
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controlled by spiral growth mechanisms. T h e heights and widths of the spiral steps were

determined to be 9-15 nm (3-5 unit cells) and 1-3 urn, respectively. The density of spira
steps was about 107- lOVcm2.

To investigate the formation mechanism of the morphology of growth spirals in Bi-2212
crystals, a comparison study on the mechanisms of formation of spiral morphologies was
made between YBa2Gi307 and Bi-2212 crystals. It was proposed that the roughness of
growth steps was the decisive factor deterrnining the shape of the spirals. However, the

formation of square-shaped spirals in Bi-2212 was totally different from what is observed

in Y-123 crystals or films. By using a polarised optical microscope, it was determined th
(110) growth twins coexist with square-shaped single or multiple spirals. In fact, it is
(110) growth twins that lead to the square shaped growth spirals.

In order to discuss possible reasons for the formation of screw dislocations in spiral g
Bi-2212 crystals, a comparative study based on optical microscopy was carried out on the
growth mechanisms of Bi-2212 and Bi2201 crystals grown at the surface of a KCl flux.

Bi2201 crystals always grow layer-by-layer. It was observed that the Bi-2212 crystals gr
on a KCl surface at 800-840 °C were soft and could be bent easily. No softening was

observed for the Bi2201 crystals. The formation of screw dislocations in spiral grown Bi2212 crystals is discussed on the basis of the formation mechanism of screw dislocations

Y-123. A possible model for the formation of screw dislocations in the Bi-2212 crystals i
proposed. It has been found that the generation of screw dislocations could be caused by

the coalescence of softened crystals. It is proposed that the formation of single, doubl

multiple spirals in Bi-2212 crystals could be explained by the softening of Bi-2212 crys

Abstract

T o explain the coexistence between two dimensional and spiral growth in Bi-2212 crystals
grown at the KCl surface, growth mechanisms associated with the growth conditions of
crystals grown at the KCl surface are discussed. Spiral growth mechanisms and the effects
of growth conditions on the formation of spirals in Y-123 thin films are reviewed As the
spiral width is inversely proportional to the supersatuation Ajx, a necessary condition
the spirals to form is AJJ. = 0 around a screw dislocation. A new model for a "vapour"
deposition process with discontinuous growth conditions is put forward It is proposed
that spiral growth in Bi-2212 is similar to that in Y-123 thin films produced by Pulsed
Deposition. It is concluded that the formation of screw dislocations and discontinuous
growth conditions are responsible for the coexistence between spiral and two-dimensional
growth.

Part II.

Published work on an anomalous magnetization peak effect (PE) in HTS is reviewed
Crystals defects, impurity inclusions, and oxygen defects have been regarded as directly
responsible for the peak effect. From the viewpoint of flux pinning, edge barriers,

dimensional crossover, softening of C ^, and the order - disorder transition have also bee

proposed to explain the origin of the peak effect. In this thesis there is a particular f
the peak effect in Y-123 and Bi-2212 crystals.

Pb doped Bi-2212 crystals were grown by the self flux method The peak effect and flux
pinning in Pb-doped Bi2Sr2CaCa20^ (Bi^Pbo^CaCujOg+s) single crystals was studied
by measuring the magnetisation hysteresis (M-H) loop. In contrast to the weak peak effect
seen in pure single crystals, the Pb-doped crystals showed a very strong peak effect over
very wide temperature range from 20 K up to Tc. The peak field, H,^, was as high as 0.4
iv
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Tesla. The effect of annealing on the peak effect was also studied Oxygen over-doping

enhanced the peak effect, in contrast to under-doping. The critical current density Jc i
doped Bi-2212 crystals was found to be two orders of magnitude larger than in pure Bi2212 crystals.

AM^/AMQ VS T/TC

and AH/H,^ vs T/Tc are proposed as parameters to characterise the

peak effect. AM^ and AMQ represent the width of the hysteresis loop at the secondary pea
(H^J and the central peak (H=0). H^ represents the field at which the magnetisation of
the anomalous peak starts to increase. Using this novel characterisation method, a
comparison study of the peak effect was done for pure and Pb-doped Bi-2212, as well as

Y-123 crystals. Results showed that the peak effect in Pb-doped Bi-2212 behaves the same
as in Y-123 when when (PL^-H ^/ H

max

vs T/Tc is used as the standard of measurement.

The values of AH/H,^ increased very fast until reached a value that remained constant
over a very wide temperature range, then decreased and disappeared rapidly. In pure Bi2212 crystals, AH/Hmax only decreased monotonically with temperature within a very
narrow temperature range before disappearance of the peak effect.

A possible microstructure containing clusters of Bi ** and Pb

4+

units in the Bi

3+

2212

matrix is proposed as the origin of the strong PE in Pb-doped Bi-2212 crystals. Such

clusters could cause distortion of unit cells and reduction of the c lattice parameter,
introducing strong pinning centres and enhancing the vortex coupling along (001).

The effects of annealing on the peak effect in pure Bi-2212 crystals was carefully stud

was found that the peak effect was very sensitive to the oxygen content and distribution
The peak effect only appeared for oxygen optimum doping and overdoping and

Abstract

disappeared for oxygen under-doping. The peak effect only appears over a narrow
temperature range between 20 and 40 K with a peak field of 500-1000 Oe. A model for

formation and decomposition of Bi5+ rich clusters of 2212 units, which is sensitive to the

annealing or oxygen content and distribution, is proposed to explain the origin of the pe
effect in pure Bi-2212 crystals.

The flux pinning and peak effect of Fe doped Bi2Sr2CaCuOSfs (Bi2Sr2CaCu1_yFey08+8 )
single crystals, doped with up to 2.2% of Fe in Cu sites, were investigated It was found

that the critical current density Jc increased with the doping for doping levels less tha

at. %. This proves that Fe point defects contribute to the flux pinning. For higher dopin
levels ( > 0.5 %), Jc dropped significantly. The peak effect appeared over a narrow
temperature range between 20 and 40 K for y up to 2.2%, but with a peak field of only
about 200 Oe. AH/PL^ only decreased monotonically with temperature within a very
narrow temperature range, in a similar way to pure Bi-2212 crystals.

Spiral grown crystals with a large density of spiral steps showed a peak effect with FL^
1000 - 2000 Oe between 20 and 50 K, for both high Tc (86 K) and low Tc (76 K, oxygen
under-doping) samples. AH/H^ only decreased monotonically with increasing
temperature within a very narrow temperature range, similar to pure and Fe doped Bi-2212
crystals. The fishtail effect disappeared when the spirals were removed from the crystal

surface. It was concluded that the peak effect in spiral grown Bi-2212 crystals is caused
surface pinning.

VI
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Introduction

Since the discovery of the high temperature superconductivity (HTS) in La-Sr-Cu-O [1]
with Tc above 30 K by Bednorz and Muller in 1986, other HTS systems such as Y-Ba-CuO [2], Bi-Sr-Ca-Cu-O [3], Tl-Ba-Ca-Cu-O [4] and Hg-Ba-Ca-Cu-O [5] have been found
Tremendous work has been done both in fundamental research on the mechanism of the
high temperature superconductivity and in research to push the HTS towards practical
applications. So far, many fascinating properties of the HTS has been discovered.
However, there are still many mysteries to be explained There are two important and
challenging issues from the point of view of fundamental research. The first is the

microscopic mechanism for the formation of the Cooper pairs. This issue is directly rel

to our understanding of the origins of HTS superconduaivity [6]. The second issue deals
with vortex properties and flux pinning mechanisms [7]. Understanding the flux pinning

HTS is a prerequisite for achieving large critical currents. It should be noted that on
the important reasons why the origins of HTS superconductivity are still unclear after

decade of research is the quality of the samples used for fundamental research. The mos

useful samples for research are single crystals. However, due to the complicated chemic
composition and structure of HTS and the complicated phase formation mechanism, the
quality of HTS single crystal samples is far behind what has been achieved with
conventional semiconductors [8-13]. Moreover, some HTS systems can not be made in a

single crystal form. Therefore, this gives material scientists a big challenge — making
the HTS compounds in the form of single crystals with high crystallinity.

After extensive efforts in making single crystals of HTS for a decade, the quality of s

HTS single crystals has been improved significantly [14]. For example, the quality of s

Y-123 single crystals is nearly as good as for Silicon [15]. However, up to now, diffic
vii
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in crystal growth for two types of phases in the Bi-based H T S system still have not been

overcome. One of them is Bi2223, and another is spiral-growth in BSCCO crystals aimi

at introducing screw dislocations in the BSCCO. It has been widely accepted that, af
more than 10 years of studies on the formation of BSCCO, the growth of BSCCO only

follows a 2D growth mechanism. Therefore, it is very challenging to study how to gro
BSCCO single crystals through a spiral growth mechanism rather than a 2D growth
mechanism.

In the research on flux pinning in the HTS, one important and unsolved problem is an

anomalous magnetisation peak effect (PE) or fishtail effect in the magnetisation hys

loops [16]. This peak effect exists in almost all HTS. The existence of the anomalou

extends the flux pinning into the high magnetic field and elevated temperature regim

which is beneficial for practical application. However, although numerous models hav
been proposed to explain the PE, none has been commonly accepted [17]. Due to the

sample dependence of the PE, different crystal defects or microstructure models have

discussed for a specific specimen and they sometimes conflict with one another other
[17,18].

This thesis concentrates on two topics. The first one is on an extremely difficult i

spiral growth in Bi-based systems. The second topic is focused on the peak effect in
and pure Bi-2212 single crystals grown by 2D or spiral growth mechanisms.

The thesis is organised into two main parts. In Part I, detailed studies on spiral g

Bi-2212 single crystals are given. The solution to the difficult problem of obtainin

growth in Bi-2212 crystals is developed The present investigations cover all details

viii
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associated with spiral growth, including growth techniques, morphologies of growth spirals,
formation of screw dislocations and the spiral growth mechanism.

In Part II, the peak effect in different types of Bi-2212 crystals (Pb, or Fe

grown through the 2D and spiral growth mechanisms is examined in detail. A nov

characterisation method for the peak effect vs suggested. The details of rnic

responsible for the appearance of the peak effect in different types of Bi-22
been obtained
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Part I. Chapter 1. Review ofsingle crystal growth of high temperature superconductors

Part I. Chapter 1. Review of single crystal growth of high
temperature superconductors

1.1. Introduction

The present review gives the state of the art for the high temperature superconducting s

crystals, as it has developed over the period from the end of 1994 to the beginning of 1
There is an emphasis on single crystal growth and characterisation for the different
compounds. The related questions of the electric and magnetic properties of HTS single
crystals are also reviewed

Since the discovery of high Tc superconductivity in La(Ba)-Cu-0 [1], other HTSC systems

with high Tc from 90 to 135 K have been found in Y-Ba-Cu-O [2], Bi-Sr-Ca-Cu-O [3], Tl-Ba
Ca-Cu-O [4], and Hg-Ba-Ca-Cu-O [5], and substantial efforts have been made to produce

single crystals of these compounds. However, due to the incongruent melt, modulations, a
multi-phases of the HTSC as well as the high volatility and toxicity of 11 and Hg-based
superconductors, crystal growth of the HTSC is much more difficult than for ordinary

compounds. Almost all the growth techniques for ordinary materials have been used to gro
HTSC crystals. The milestones in the crystal growth of Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O and TlBa-Ca-Cu-O from 1993 to 1999 are reviewed.

Part I. Chapter 1. Review ofsingle crystal growth of high temperature superconductors

Since the discovery of the HTS, tremendous work (1987-1993) has been done on growth
techniques and the quality of the HTSC single crystals. The quality of HTS crystals can be

assessed both by crystallinity and superconductivity. The crystallinity can be checked by X
Laue diffraction and the rocking curve of X-ray diffraction. A technique involving

measurement of the X-ray double crystal rocking curve is widely used in the determination o

crystallinity for conventional semiconductors. The value of full width at half maximum peak

(FWHM) of the rocking curve is a criteron for the quality of crystallinity. The FWHM of the

X-ray rocking curve for HTSC single crystals are usually of 0.5 degree and much larger than

for semiconductors (about 10-30 seconds). That means that HTSC crystals are very far behind
semiconductors, as far as crystallinity is concerned

Many review articles on HTSC single crystal growth from 1987 to 1993 are available in the
literature [6-10]. With improvements in the HTSC crystal growth techniques, high quality
HTSC single crystals were first attained in 1993. The solution growth technique is still a
used technique to obtain high quality crystals, and contamination from crucibles has been
effectively prevented The travelling floating zone method is found to be an important

technique for producing centimetre size crystals without crucible contamination. The review

articles on the travelling floating zone technique can be found in references [11] and [12]

crystallinity of crystals grown by this technique has been was determined to be close to th
conventional semiconductors.

1.2. Growth of Y-Ba-Cu-O single crystals

There have been extensive efforts to achieve high quality and large sizes of YBa2Qi30y (Y-1
single crystals [13-21]. Only the Y-123 phase can be formed at ambient pressure since the
2
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formation of other phases (YiBa2Qi4CV and Y2Ba4Gi7CV) needs high pressure. The Y-123
phase is formed by a peritectic reaction from Y2BaCuOs (Y211) solid and Ba-Cu-O liquid It

impossible to grow Y-123 crystals directly from a congruent melt, so flux methods have bee

used to grow Y-123 single crystals. No suitable flux materials for the crystal growth hav
found except self-flux, BaO-CuO flux.

In 1993, Yamada and Shiohara [13] overcame the difficulties of flux methods and succeeded

growing Y-123 single crystals by the Solute Rich LiquidCrystal Pulling (SRL-CP) method In

this method the flux was settled in a temperature gradient so that Y211 solid could exist

bottom of the crucible. As a source of the solute, the melt, which was equilibrated to Y21

the higher temperature near the bottom of the crucible, was transported to the melt surfa

forced and natural convection in the melt, so that the surface of the melt was supersatura
by Y. In the SRL-CP method for growing Y-123 single crystals, melt convection is more

essential than it is for crystal pulling of those materials [22]. The typical crystal gro

conditions were as follows: the temperature at the centre of the melt surface was 997-1000

the temperature difference between the surface and the bottom of the melt was 12-15 K, th

pulling rate was 0.05-0.1 mm/h, the crystal rotation rate was 80-120 rpm, and the crystal
grown in an air atmosphere [23].

Numerical simulation [22] indicated that an increase in the crystal diameter and/or the c

rotation rate increased the strength of the forced convection in the melt, and as a result

temperature at the crystal interface increased, which resulted a rough, concave interface.

Part I. Chapter 1. Review ofsingle crystal growth of high temperature superconductors

Using the S R L - C P m e t h o d large size and high quality Pr-123 and Sm-123 crystals have also
been grown by Tagami et al [24] and Nakamura et al. [25]. Ndl23 and Sml23 samples
prepared by oxygen controlled melt growth were reported to have increased rather than

reduced Tc (96K) values. The critical current densities at 77 K for these samples were hig

than those of melt processed Y-123 with finely distributed Y211 inclusions in high magneti

fields. NdBa2Qi30y single crystals have been grown by the same technique in an oxygen part
pressure atmosphere [26]. Y-123 single crystals have also been grown under 1 atm. oxygen

pressure by Yao et al. [27]. It was found that Y substitution for Ba is not sensitive to t

oxygen partial pressure of the growth atmosphere. Moreover, it was reported that high oxyg

partial pressure has a profound effect on the growth rate, which is about 1.5-2.5 times l
1 atm. oxygen than in air.

By using a BaZr03 crucible non-Al or Y containing Pr-123 single crystals have been obtaine

[28]. The new class of crucible has resulted in significant progress in the growth of ultr

quality single crystals of Y-123 [29]. Ceramic BaZr02 crucibles are inert and insoluble in

Y2Qj-BaO-CuO melt, have a long lifetime, and can be used repeatedly for crystal growth. Th

crystals grown using the crucibles not only have a high chemical purity (99.99-99.995%), b
also a high degree of crystalline perfection as characterised by an extremely sharp X-ray
rocking curve (FWHM = 0.007 ° i.e. 24.5") [30]. This small value of the FWHM is close to

that of Si semiconductor crystals (14"), indicating that the crystallinity of the Y-123 si

crystals is as high as for semiconductors [30]. Such high quality and high purity Y-123 cr

showed very weak pinning and a magnetic irreversibility line that lies about 20 K below th
line for the best YSZ crucible grown crystals.
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Another method to avoid crucible corrosion from Al was to use a layered protective cover

including mixtures of Y2Q3 and Y2BaCuOs inside AI2Q3 crucibles, as reported by Os'kina et

[31]. The layer nearest to the A12C>3 crucible wall is enriched by Y2C>3 and protects th

crystallisation zone against Al pollution. The layer nearest to the Y-Ba-Cu-O melt consis

pure Y2BaCu05 phase and promotes the incorporation of Y into the reaction volume via the

partial dissolution of Y-Ba-Cu-O. Large crystals (3.2 x 3.2 x 0.2 mm3) of high quality an
low residual microwave losses have been grown by this technique.

(Yi-xPrx)Ba2Gu3-zAlzQ7-x (0<x<l) single crystals of large surface area (9x8 mm2) and

thicknesses between 0.3 and 0.5 mm have been grown in an AI2Q3 crucible using self flux

Widder et al. [32]. The Al contamination increases with increasing Pr content and saturat

= 0.3 if Pr content x >0.4. A strong reduction in Tc in Pr-doped Y-123 with Al contamina
as compared with Al free crystals has been blamed on the reduction in the carrier
concentration.

The travelling-solvent-floating-zone method has also been used for the crystal growth of

123 crystals [21]. However, the penetration of the solvent into the feed rod and the bw
viscosity of the molten zone are serious problems for the crystal growth of ReBa2Qx30y.

et al. [21] reported that it is possible to keep a stable molten zone and continue crysta

of crystals by using a low oxygen pressure atmosphere and double scanning procedure. So

small size (lxl mm2) crystals of ReBa2Gi3CV (Re = Y, La, Pr, Nd and Sm) were obtained by
this technique.

5
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1.3. Crystal growth of Bi-Sr-Ca-Cu-O
There are main three phases: Bi2Sr2CuOy (Bi-2201), Bi2Sr2CaCu20y (Bi-2212) and
Bi2Sr2Ga2Gi30yr (Bi-2223) in the BiSCCO system. Like other HTSC, intergrowths between

these three phases are very easily formed due to their similar formation free energy. The

intergrowths are difficult to overcome. About 19 known phases have been identified in the
phase diagram of the quaternary system of Bi203-SrO-CaO-CuO. The multiphase is the major

difficulty for the growth of phase-pure single crystals, especially for Bi-2223 single cr

With improvements in crystal growth techniques and conditions, large size and high qualit
Bi2201, and Bi-2212 crystals have been successfully grown by the self flux technique and

travelling floating zone method [33-57]. Even Bi2223 crystals have been grown by using KC
and KF2 flux [56,57].

The Bi-2201 phase has only one CuO layer in the crystal cell with a very low Tc close to

conventional low temperature superconductors. The Bi-2201 crystal is of interest for norm
state property studies, because its in-plane resistivity can be changed from nonmetallic

temperature to superconducting either by a suitable choice of the Bi:Sr ratio in the melt
doping with Pb or other rare earth elements.

Undoped and Pd doped Bi-2201 crystals have been grown from a copper rich melt in an Al2Q3
crucible by Wang et al. [49]. The starting materials of Bi2C>3, S1CO3 and CuO with ratios

BirSnCu =1:1:1 and 1.2:1:1 were used The mixtures of starting materials were pre-reacted

820 °C for 12h, then melted at 1000 °C for 2h, then slowly cooled down to 850 °C at the r
of 1-2 °C/h, followed by a furnace cooling to room temperature.

6
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La doped Bi2201 crystals have been grown by Yoshizaka et al [39] from the melt phase usi

commercial furnace with an ellipsoidal mirror. The feed rods were formed from the sinter

substances that were prepared from powders with an appropriate proportion of Bi2C>3, S1CO

La2Q3 and CuO. The typical size of the crystals was 3 x 2 x 0.05 mm3. Bi2+xSr2-xCu06 cryst
have been grown in flowing oxygen from a melt using the CuO self-flux method by Bristol

al. [42]. The Bi/Sr ratio varied from 1.00 to 1.17. The typical crystal size obtained wa

approximately 2 x 2 x 0.02 mm. The FWHM is about 0.1°, indicating good crystallinity. AT
of 1.8 K was observed in the Br/Sr = 0.1025 samples.

The travelling solvent floating zone (TSFZ) technique is the most important method that

be used to obtain centimetre size crystals of high quality. Crystals which are very thic

the c-axis have been successfully grown by this technique. Another advantage of the tech

is that crystals are free of contamination due to the absence of a crucible and the fact
doping can be controlled compared with what is found in crystals grown from the melt in
crucible.

Single crystals of up to 20 x 5.5 x 1.5 mm2 have been grown in a 6.4 mm diameter rod by
et al. [33]. The solvent composition was BiisSmGai.oCuieQx. The velocity of the melt is

important in order to maintain the solid-liquid interface of the rod and to maintain a s
interface during crystal growth.

By using the TFSZ technique, Bi-2212 crystals have been grown at different oxygen ambien
pressures by Li et al. [37]. Tc is enhanced for crystals grown at higher oxygen ambient
pressures, resulting in the sharpest transition width (1.5 K) and the highest Tc (95 K)
7
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The Tc and Jc values were found to be related to both cation concentration and oxygen

content in the Bi-2212 phase. Jc at 5 K for the crystal grown at the highest oxygen press
determined to be 10 times smaller than for that grown in air.

Using the composition of Bi:Sr:Ca:Cu=2.9:2.6:1.3:2, Bi-2212 crystals have also been grown

the TSFZ. Pandey et al. [36] reported a new method of crystal growth based on the travell

zone technique used to produce Bi-2212 crystals in which a Bridgeman type crucible was u
in a three temperature zones furnace.

Self-flux growth is still a widely used technique to grow doped and undoped Bi-2212 cryst

Chowdhury et al. described a repeated melting and re-crystallisation technique for Y-dop

and undoped Bi-2212 crystals grown in platinum crucibles. This method stabilises the (Sr+

and the (Sr+Ca+Y) contents during growth. The crystal size obtained is about 2.5 x 2.5 mm
The Tc for the pure and doped crystals was 93-95 K and 90-92 K with transition widths of
10 and 4-8 K, respectively. Ce doped Bi-2212 crystals have been grown by spontaneous

nucleation from eutectic melts with a stoichiometric composition of Bi2Sr2Gai-xCexCu2Oy (x
0-0.1) [44]. When x - 0.8, all the crystals are of pure 2212 phase. Upon Ce doping, the

value reaches a maximum of 90 K for x = 0.1 and drops rapidly at higher Ce concentrations
as was the case for Y-doped Bi-2212.

High quality Pb doped (Bii-xPbx)2Sr2CaCu2Oy crystals with a very sharp transition width of

K have been successfully grown by using MgQ crucibles, as reported by Foumier et al. [50]

The solubility limit of Pb in the crystals is 20% with respect to Bi. Displacement modul

8
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along the b-axis is partly suppressed by P b substitution for Bi. T c varied from 76 to 90 K
depending on the oxygen annealing in 02 or in Ar. The ATC is between 0.2 and 0.5 K

Large size Bi-2212 crystals can also be grown by the top-seeded solution-growth method a

reported by Oka et al. [34]. The seeds used were cut from a bulk crystal fabricated by T
and the temperature gradient above the surface can be controlled by the rate of airflow
the drawing shaft. By using a solution of 34-37% Bi0i.5, 35-39% (Sr,Ca)0 and 26-27% CuO,

the crystals were grown with diameters of 10 mm, 6 mm in thickness and 4 g in weight. Th
real compositions of the crystals were consistent with those of crystals grown by TSFZ.
determined to be 87 K for as-grown crystals.

Advances in oxygen under-doped Bi-2212 crystals have been achieved by using both Ysubstitution for Ca and by removing oxygen through annealing pure Bi-2212 in vacuum, as
reported by Wang et al. [52] and Kendziora et al. [45]. Very sharp transition widths of
with Tc as low as 55 K have been achieved in the overdoped part of the phase diagram by
oxygen high pressure annealing. Furthermore, if the annealing was in vacuum, Tc changed
from 89 K to 0 K, indicating a transition from superconductor to insulator.

Using the self-flux method Wang et al. [55] have grown large size 90° (100) Bi-2212 biby segregating Bi2201 and extra Sr-Ca-Cu-O in the flux. High quality Bi-2212 twin-free
were successfully grown from a Bi, Sr and Ca rich Bi-Sr-Ca-Cu-O solution. The optimum

atomic ratios in the solution for the crystal growth were found to be Bi:SnCa:Cu=4:4:2:2

Crystals with dimensions larger than 18 x 4 mm2 in the ab plane and a shiny surface were

obtained by mechanical cleaving, but they contained some (110) growth twins. The twins w
9
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observed under a polarized microscope in crystals grown at a fast growth rate above 5 ° C / h
The dimensions of cleaved twin free Bi 2 Sr 2 CaCu 2 Oy single crystals were 8 x 2.5 x 0.05 m m 2 in
the ab plane. They were grown under the optimum growth conditions. T c as high as 93 K was
achieved by means of a short (10 minutes) annealing and quenching in air. p c , Pab and p c /pab
were determined to be 275 \iD. cm, 2.6 Q c m and 104, respectively, for some of the best
crystals.

Several models have been suggested for the formation mechanism of Bi2223. A commonly
observed mechanism in the bulk ceramics and Bi2223 tape is a conversion from Bi-2212 to
Bi2223, which needs a considerably longer formation time and an appropriate temperature.
Formation of Bi2223 was also achieved by starting from a liquid phase on 2212 grains.
However, single 2223 phase thin films can be formed directly from the Bi, Sr, Ca, Qi
precursors using metal-organic chemical vapour deposition. D u e to the complicated formation
mechanism of the Bi2223 phase, Bi2223 single crystal growth is extremely difficult. The selfflux method has not been successful for the growth of Bi2223 single crystals. N o crystal
growth of Bi2223 had been reported until the report on the fast growth of Bi2223 thin crystals
by Balestrino et al. [56].

Very recently, Chu et al.[57], reported a crystal growth of Bi2223 from a fused-salt so
Bi2Q3, SrCl2, CaCh, C u O , K N O 3 , and KCl. Bi2223 single crystals with typical dimensions of
100 x 100X 1-10 urn3 were obtained Magnetic measurements have been carried out on many
c-aligned Bi2223 crystals and give a sharp transition at 110 K. Studies of the magnetic
properties show a weaker flux pinning behaviour than compared to that of Bi2223 c-aligned
Ag-sheathed tape.
10
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1.4. Crystal Growth of Tl-Ba-Ca-Cu-O

Two series in the Tl-based high Tc cuprate superconductors have been found i.e. TlO d
layered rH2M2Gan-iCunQ2n+4 and TlO mono-layered H2M2Can-iCunQ2n+4 (n = 14). More than

20 phases have been reported in the phase diagrams for the double layered TlO system.

multi-phase nature, high volatility and toxicity of T12C>3 also made the crystal growt

based superconductors more difficult than for other HTSC crystals. The crucibles must
sealed to prevent the loss of Tl and a flowing Q2 source is necessary to avoid the
decomposition of Tl203 at high temperatures.

Tl2Ba2Cu0^8 and 112Ba2CaCu208 single crystals have been grown by Hasegawa et al. [58]

and by Zuo et al. [59]. Nominal compositions with Tl:Ba:Ca:Cu = 2:2:0:2 and 1.5:2:3:

used for the growth of Tl-2201 and T12212, respectively. The morphologies of 112201 an

T12212 are quite different, although both have a layer-by-layer growth mechanism. The

morphology of T12201 shows curved fine steps indicating a lateral growth of the cryst
whereas the T12212 crystals have square shape step morphology.

The synthesis of single phase T11223 and its crystal growth have been reported to be

more difficult than for other phases in the Tl system. By doping with Sr into Ba site
al. [60] have obtained TlBao.8SruCa2Gu309-6 single crystals. The nominal atomic ratio

Tl:Ba:Sr:Ca:Cu = 1:1:1:2:3. The stoichiometric mixture was prepared from the oxides S

II2Q3, CuO, Ba02 and CaO. The c-axis for the Sr doped crystals is 15.55 A smaller than

of TlBa-1223 with c = 15.88 A. However, the Tc values were found to be mainly dependen
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upon annealing. They vary between 95 and 115 K. The typical size of the crystals obtai
about 760 x 610 x 280 urn.

A systematic study of the crystal growth of (Tl,Pb)(Sr,Ba)2Ca2Gi30>r has been reported

Wang et al. [61]. The crystals were grown using the self flux method Pre-reacted T1122

powder is necessary in the starting compositions. Crystal growth strictly depends on th

starting composition, on the optimising of the melting temperature by suitable additiv

on the choice of the cooling rate. High quality crystals with large sizes can only be g
within a very narrow temperature range between 950 and 960 °C, followed by a suitable
cooling rate of about 5 °C/h.

The typical dimensions of the crystals are 0.3 x 0.3-0.6 x 1.0 mm2 in the ab plane. Th

of Tl-Pb and of Sr:Ba in the as-grown T11223 crystals were determined to be slightly d

for each crystal, even for those grown under the same growth conditions and in the same

crucible, although the starting composition remained the same for each run. The Sr:Ba r

are in a range from 1.38:0.47 to 1.68:0.20. The c-axis lattice parameters were determi

-135 nm. A common feature of all the crystal surface morphologies is their layer by la
growth pattern. The superconducting transition temperatures and the transition widths

obtained for as-grown crystals are 105.0 - 111.2 K, and 3 - 6 K, respectively. Anneali

temperatures above 600 °C leads to a decomposition into the insulating oxides Tl-O and
(Sr,Ba)-Ca-Cu-0.
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1.5. Conclusions

After tremendous efforts over a decade aimed at the growth of HTS single crystals by us
various techniques, almost all the doped and undoped compounds in the different HTS

systems can now be grown in single crystal form. The early problems of growth technique

and contamination from crucibles have been ameliorated or solved TlSr-1223 which had be

considered to be too difficult to grown due to its toxicity and problems in phase forma
now been successfully grown. Even Bi2223 phases can be obtained by using special flux
techniques. As will be shown in this thesis, the very strongly two dimensional Bi-2212

crystals which had been regarded as only amenable to two-dimensional layer-by-layer gro

techniques for a decade have also been also successfully grown by a spiral growth techn
The crystal quality (FWHM=0.007°) combined with high chemical purity (above 99.99%) of

Y-123 single crystals has reached the same level as conventional semiconductors. This m

that the crystallinity of HTSC crystals is good enough to be used for studies clarifyin

intrinsic properties in the HTS. The quality of Bi-2212 single crystals grown by TSFZ i
good enough for the basic physical property studies.

However, further improvements in the quality of other HTS compounds still need to be ma

In particular, it is still a difficult issue to improve the quality and sizes of Bi2223
growth techniques may need to be developed for the growth of Bi2223 single crystals.
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Chapter 2. Spiral growth of Bi2Sr2CaCu2Oy single crystals
using KCl flux

2.1. Introduction

Y-Ba-Cu-O (YBCO) and Bi-Sr-Ca-Cu-O (BSCCO) are two important high-Tc

superconductors which are potentially useful for large current applications. However, t

Jc is limited in high magnetic fields due to their weak pinning of flux lines, especial

BSCCO. It has been well established that the critical current density can be improved b
introducing pinning centres. It has been shown that low-angle boundaries [1], stacking

faults [2], twin boundaries [3], impurity phases [4], growth dislocations [5,6], and oxy

vacancies [7] may all be potential pinning centres. Spiral growth dislocations have bee
found to be effective pinning centres in YBajGijOy (Y-123) thin films [5]. Screw
dislocations have been observed in thin Y-123 films on substrates of SrTi03 (100) and
MgP (100) which were fabricated by laser ablation, magnetron sputtering or by chemical

vapour deposition [5,8,9]. Spiral growth has also been observed in melt-grown Y-123 sin

crystals and thick films [10,11]. Spiral growth has been proposed as the intrinsic grow
mechanism in Y-123 compounds [9]. From a structural point of view, Y-123 has a

tetragonal structure and contains a Cu02 layer in the ab plane and Cu-O chains along th

direction. The coherence length along the c direction, 2^, is much smaller than along t

plane, indicating two dimensional characteristics in the structure and physical propert

The structure and physical properties of BSCCO are found to be more two dimensional in
character than for Y-123. Two dimensional layer-by-layer growth was widely regarded in

the past as the sole growth mechanism for BSCCO in all its forms: thin and thick films,

and bulk ceramics, as well as in single crystals produced by various techniques. Differ
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formation mechanisms for growth twins in these two materials have also been reported.
(110) twins in Y-123 are formed as a result of the phase transition from tetragonal to
orthorhombic structure on cooling with oxygen absorption [12]. However, (110) twins for
Bi2Sr2CaCu2Oy (Bi-2212) have been observed to form in crystals grown by layer-by-layer
growth mechanisms [13]. Abundant growth twins in the form of 90° (100) twist boundaries

have also been reported in Bi-2212 [14], in contrast to what is observed in Y-123. Becau

Bi-2212 is a strongly anisotropic compound, it has been widely accepted that spiral grow
in Bi2212 is very unlikely. Two-dimensional layer-by-layer growth has been regarded as
only growth mechanism in Bi-2212 and other phases of BSCCO. Therefore, it is a very

challenging task to determine if spiral growth can proceed in Bi-2212, and if growth sp

or screw dislocations can contribute to flux pinning in Bi-2212 as is the case in Y-123.

this thesis, it is reported for the first time that the crystal growth of Bi-2212 is go
mainly by a spiral growth mechanism when the crystal is grown on a flux surface of KCl.
Single, double or even multiple spiral growth patterns with different shapes have been
observed.

The first part of this thesis is devoted to the issue of spiral growth in Bi-2212 and is
organised as follows: In Chapter 2, the growth process and results on morphologies of
growth spirals are given; detailed studies of the growth spirals using Atomic Force
Microscopy (AFM) are presented in Chapter 3; Chapter 4 discusses the formation
mechanisms of the morphologies of different growth spirals; since the formation of a
screw dislocation is the basis for spiral growth, the formation mechanism of screw
dislocations in Bi-2212 is discussed in Chapter 5; The mechanisms of spiral growth (the
growth conditions for the presence or absence of spirals) in Bi-2212 are discussed in
Chapter 6, the final chapter in the first part of the thesis.
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2.2. Experimental designs

It is well known that a strongly two dimensional material, mica, which is very simila

BSCCO, exhibitd spiral growth if grown using a vapour deposition technique [15]. This
indicates that spiral growth should also be possible in BSCCO. However, it should be

noted that all the "vapour" deposition techniques such as metal-organic chemical vapo
deposition (MOCVD), laser deposition, co-evaporation deposition and sputtering

deposition have been used for the growth of thin films of BSCCO, but no spiral growth
has been reported. Therefore, a special kind of "vapour" deposition is considered.

A small amount of BSCCO solute was used a large amount of KCl. The reason is that if
large temperature gradient is introduced from the bottom to the top of the crucible,
pieces of BSCCO should move to the top of the KCl surface and form thin crystals

because of the driving force of the large temperature gradient. This would be a speci
"vapour" deposition process which is analogous to conventional vapour deposition.

In this special "vapour" deposition process, the flux surface can be regarded as "subs
the BSCCO as "vapor", and the KCl as "atmosphere" in conventional "vapour"
deposition.

However, the big difference between the special process of "vapour" deposition and th

conventional one is this: the small pieces of BSCCO (precursors or growth units) will
fixed at the substrate once the growth process has finished in conventional vapour
deposition. However, the pieces of BSSCO can move freely on the "substrate"(flux
surface) in the special deposition process, which may favour the formation of screw-
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dislocations and hence spiral growth should be generated if the super-saturation condit
required to allow that spiral growth were satisfied.

2.3. Experimental

In the conventional flux growth technique for single crystal growth, the reacted and

unreacted precursors are mixed with flux or self-flux, melted at high temperatures, and

then slowly crystallised on cooling. A very slow cooling rate and a temperature gradien

along the crystal growth direction are required during the crystal growth. This convent
flux growth technique has been used for the single crystal growth of Y-123 and BSCCO

superconductors. KCl flux has also been employed for Bi-Sr-Ca-Cu-O single crystal growt

[16]. If the cooling starts from the bottom of a crucible, single crystals grow along t
cooling direction from the bottom to the top of the crucible. The growth of the single
crystals has been found to be governed by a two-dimensional layer-by-layer mechanism
[17].

In the present work, a small amount of Bi-Sr-Ca-Cu-O material (1-5 wt % Bi-2212) and
95-99 wt% KCl flux were used for the crystal growth. A pellet of Bi2212 was put in the

bottom of an A1203 crucible and then covered with KCl. The crucible was put in the centr

of a vertically positioned furnace. A large vertical temperature gradient (5-10°C/cm) w

introduced along the crucible. Bi-2212 thin crystals can then be grown on the KCl flux.
This growth phenomenon is similar to that reported for the growth of Bi-Sr-Ca-Cu-O

crystals at the KCl flux surface [17,18]. However, the phase formation was reported to b
insensitive to temperature, and no spiral growth was reported [17, 18]. In the present
experiments, high temperatures (above 850 °Q were used for the Bi-2212 single crystal
growth. It was found that the formation and morphologies of the crystals grown by this
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method varied with the growth temperature and period. The crystals were extracted from
the crucible after different growth periods, from several seconds to 48 h. After the

extraction of a layer of crystals, a new layer of crystals rapidly formed on the surfac
Because crystal growth only took place on the flux surface, the crystal growth process

ended rapidly when the crystals were exposed to the air. This enabled us to observe ho
growth occurs on the flux surface. The dimensions of these Bi-2212 crystals range from
x 20 |Lim2 to 2 x 2 mm2 in the ab plane, depending on the growth time. The morphologies

of the crystal surface were examined by optical microscopy and Atomic Force Microscopy

(AFM). The results obtained by optical microscopy are shown in this chapter. The result
on the morphologies arising from the AFM imaging will be detailed in Chapter 3.

2.4. Results and discussions

2.4.1. Morphologies of growth spirals

2.4.1.1. Hexagonal spirals

It was found that at a growth temperature of 855 °C, the growth of Bi-2212 was mainly

controlled by a spiral growth mechanism. The growth spirals were mosdy in the shape of

hexagons and squares. The density of the growth spirals is very low. There are only abo
3-5 spirals within a given 1 mm2 area on the sample surface. Figure 1 shows the

morphologies of Bi-2212 single crystals separated from the flux surface during the mid

of the crystal growth process. It is clearly seen that the crystal has grown through a

hexagonal spiral, as shown in Fig. 2.1(a). Double spiral growth patterns are also obser

the present work, as shown in Fig. 2.1(b). It can be seen that the double polygonal spi

have the same signs. The width between the spiral turns ranges from 1 to 6 urn in these
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Fig.2.1 (a).
%

w

Fig. 2.1(b).
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Fig. 2.1. Morphologks ofsingle spiral (a), double spiral (b), end trtfk hexagonal spiral (c) i

crystals shown in images obtainedby optical microscope. Bars represent 5 \im in (a), (b)

two crystals as well as in other crystals with single spirals. The number of spiral turn
increases from 3 up to several hundred turns when crystals grow larger under longer

growth times. Some spiral growth patterns even show more than two spiral heads. Fig. 1(c)
shows a crystal with three spirals generated together.

2.4.1.2. Square spirals

It was found that, for the low growth temperature of 850 °C, most of the growth spirals a

square-shaped. The densities of the spirals are higher than for those grown at 855 °C, i
there are many growth spirals on the sample surfaces. Typical square growth spirals are

shown in Fig. 2.2(a) and (b). This is different from what is observed in the crystals wh
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were grown at temperature of 855 °C, where hexagonal spirals were commonly formed.

Fig. 2.3 shows a square-shaped single spiral. When sample surfaces are observed by optica
microscope, single or multiple spirals, all with the square shape and with the same or
opposite signs for multi-spirals can easily be found. These spirals were observed to
intersect and form one larger spiral. Fig. 2.4 (a) and (b) shows two samples where

morphologies of two spirals (left and right) intersect. When steps meet, they form closed

loops. It can also be seen that there are several spiral heads in both the left and right
Fig. 5 shows the morphology of a crystal extracted from the flux surface after a growth
period of just ten minutes. It is clearly seen that it is a single grain with dimensions
80 am 2 in the ab plane, and that it has grown through a typical single square spiral of
about 15 spiral turns. Some growth spirals appear to be concentric squares (Fig. 6) if

Fig.2.2 (a).
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Fig.2.2 (b).

Fig. 2.2 (a) and (b). Opticalmorphology ofcrystalsurface showing rnanysqmre shape spirals.

Fig. 2.3. Singksquareshapedgrowthspiral
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Fig. 2.4 (a)

Fig.2.4(b).

Fig.2.4 (a) and (b). Optical mkrosoopk images of two group ofsquare-shaped spirals (anti-dock wise).
Thesetwo group of spiralsintersectand'form large loops.
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Fig.2. 5. Optical morphology of a single gram crystal containing a single square shaped spiral. Note that
the spiral is circular near the spiral centre

Fig. 2.6. QjncmtrkgnwdtmoTphologyofacrytfalsurface.
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observed under low magnification. However, using high magnification techniques (such as
AFM as will be seen in Chapter 3), some of them were found to be composed of square
shaped growth spirals which originated from a single or multiple heads. The widths
between the spiral turns were determined to range from 1 to 6 ixm in the spiral grown
crystals.

2.4.1.3 Multiple spirals

Besides the single, and double growth spirals with square and hexagonal shapes, a

significant feature of the spiral grown Bi2212 crystals is the presence of multiple growt
spirals. According to the observations made under optical microscopy, multi-spirals
numbering from 3 up to more than 15 are commonly observed. Fig.2. 7 (a) shows four
square spirals originating from a common centre. A crystal surface containing about 10
square spirals is shown in Fig.2.7(b). More than 20 spirals are also shown in Fig.2.7(c).
should be noted that such spiral patterns are unique to Bi-2212.

Fig. 2.7(a).
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Fig.2.7 (b).

Fig.2.7 (c).

Fig. 2.7 (a) showsfour square-spirals ongmatingfrom a common centre, a crystal surface
10 square spirals (b) and more than 20 spirals (c).
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Furthermore, it can be seen that all the multi-spirals originate from a common centr

different pattern from what is observed in classical compounds. A possible mechanism
the formation of the multi-spirals will be discussed in Chapter 5.

2.5. Conclusions

If a small amount of Bi2212 (5 wt %) and large amount of KCl (95 wt %) KCl are used

the crystal growth, Bi2212 crystals can be grown at the top surface of the KCl. Bi22

single crystal growth at the KCl surface is mainly controlled by a spiral growth me

Single, double and multiple spirals with square, rectangular and polygonal shapes an
the same and opposite signs have been observed under an optical microscope. It was

found that the morphologies of spirals are mainly hexagonal (only squar) for crysta
at temperatures above (below) 850 °G
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Chapter 3. Spiral growth patterns of Bi2Sr2CaCu2Oy single
crystals studied by atomic force microscopy

3.1. Introduction

In Chapter 2, it has been shown that the growth spirals in Bi-2212 are very abundant and
exhibit morphologies with different shapes and both single and multiple forms, which can
be observed by optical microscopy. However, due to the limitations on resolution (micron
level) characteristic of optical microscopy, detailed information could not be obtained on

the microstructure of the spirals, such as the height of the spiral steps, details in the sp
centres or details in between steps. AFM with high resolution (nm level) enables us to gain

insight into all these details of the growth spirals. In this chapter, the surface morpholog
of microstructures of (001) oriented Bi2Sr2CaCu2Oy (Bi-2212) single crystals grown on a
KCl flux surface are investigated by atomic force microscopy. The crystal growth is
confirmed to be mainly controlled by a spiral growth mechanism which is revealed in detail
by the AFM. Single and multiple spirals with square, rectangular and hexagonal shapes and
with the same and opposite signs have been examined in detail. The heights and widths of
the spiral steps were determined to be 9-15 nm (3-5 unit cells) and 1-3 (im, respectively.
The density of spiral steps is about 107 -109 /cm2.

3.2. Experimental

A Nanoscope III11*1 operated in the contact mode was used to image the crystal surface.
The Si3N4 cantilever has a force constant of approximately 0.12 kNm"1 . To take into
account the fact that some surface topographic features were due to tip-related effects,
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each structure presented in this work was scanned in two orthogonal directions. Also, the
frictional force mode was used in cases where the edges of the structure needed to be

Inghlighted.

3.3. Results and Discussions

An AFM image of a square-shaped spiral is shown in Fig. 3.1(a). It shows a pyrarnicHike

structure with a series of layers extending from the bottom to the top of the pyramid. All
the layers originated from the centre of the top spiral as shown in Fig. 3.1 (b), forming

spiral development of the layers. The detailed microstructure morphology in the top part o
the growth spirals is shown in Fig. 1 (d) and (e). The images clearly show a pyramid-like
spiral. It should be noted that a hollow exists in the platform between growth steps. The
formation of the hollow may result from non-uniform growth conditions and will be
discussed in Chapter 6. However, if the growth temperature is higher than 855 °C, mainly

hexagonal spirals appear. Further, for slow cooling rates, only 1-4 large polygonal spiral
can be found for crystals with dimension on the order of 1 x 1 mm

2

in the ab plane.

Mounds with one, two or more than three multi-spirals originating from their centres have
also been observed. Fig. 3.2(a) shows an AFM image of hexagonal spirals with an anticlockwise sign, presumably originating from a bundle of three to four screw dislocations
located at the centre of the mound Fig.3. 2(b) is a three-dimensional image under higher
magnification, revealing detailed structure showing the development of the multi-spiral
growth. A few crystals were found to be grown mainly by two-dimensional layer-by-layer
growth when growth took place at temperatures below 850 °C. Only one or two small

spirals with a rectangular shape, rather than square or hexagonal, were observed, as shown

in Fig. 3.3 for a typical sample. This image shows strongly anisotropic growth behaviour i
the ab plane.
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Fig.3.1. (a)

Fig.3.1 (b).
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Fig.3.1 (c).

Fig. 3.1(d).
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Fig. 3.1(e]

Fig. 3.1. (a) 95 \im x 95 \xm A F M image of a square spirals. The shadows appearing in the

image are due to scanning-related artifacts; (b) 30 \xm x 30 \imfnctional force image lowing t

layers of the spiral in (a). The step appearing in the image are due to scmnmg-rdated artifact

x 80 \imAFM mage showing the zigzag (110) twins structure of (a). Three dimensional images from
different observation angles of this square spiral (d) and (e).

Fig. 3.2 (a).
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Fig. 3.2(b).

Fig. 3.2 (c).

10.0
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30.0

40.0

Distance (jim)

Fig. 3.2. (a) A F M image (70 [im x 70 \im) of a hexagonal spiral with three hexagonal patterns:

(b) tbwdimetisumalpresentation of the hexagonal spiral in (a). The image shows the terraces of

hexagonal spiral patterns; (c) line profile between the two arrows in (a). The separation betw
and lowest points is 95 nn.
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image (50 \imx 50 \mjofarectangularsinglespiral

According to classical crystal growth theory, the shapes of spirals are due to the
smoothness of the growth plane. Smooth growth planes give rise to the square spirals

while non-smooth ones result in circular or hexagonal spirals in Y-123 single crystals (s

section 4.2 in Chapter 4). The structure of Bi-2212 is orthorhombic with little differenc

between a and b, similar to the structure of Y-123. The growth of polygonal spirals in the
present samples can also be explained by the smoothness of the growth plane. The square
spirals of Bi-2212 crystals appear similar to those of Y-123. However, the formation

mechanism behind the square spirals in Bi-2212 is quite different from that of Y-123 (see

section 4.3.2 in Chapter 4). It is found that it is the coexistence of (110) twins and sp
growth which leads to the square and rectangular spirals. The diagonal direction of the

square and the rectangular spirals is the (110) direction and the fast growth direction i
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Fig. 3.4(a).
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Fig. 3.4 (c).

image ofthe square spiral in Fig.3.1 dewedfrom another angle. A

hollow on the surface is enlarged (b). (c) Lineprofile between the two arrows in (b).

along the (100) direction as indicated clearly in Fig.3.2. In addition, the (110) twin boundary

in different layers shows a zigzag structure, indicating that (110) twins are formed by layer
by-layer growth with varied boundaries along the (001) direction as shown in Fig.3.2(c).
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Examinations of the (110) twins were carried out on all of the square and rectangular

spirals. It was found from polarised optical microscopy that all the square and rectangula

spirals in single or multiple form consist of (110) twins (see next chapter). No (110) twi
or other growth twins were observed in any hexagonal spirals by the polarized optical
microscopy. A detailed discussion on the formation mechanism for different shaped
growth spirals will be given in Chapter 4.

It seems that there is a competition between two-dimensional growth and spiral growth for
spiral-grown Bi-2212 crystals due to the strong two-dimensional structural character of
BSCCO. The competition between the two types of growth mechanism will be discussed in

Chapter 6 in the Part I of the thesis. At the top layer of the square spiral shown in Fig.3

2(b) two-dimensional growth of layers originating from the centre of the spirals can be se
in the ab plane where the growth along (100) is faster than that along (010). This
phenomenon is more pronounced in the rectangular spirals on a crystal which is dominated
by layer-by-layer growth as shown in Fig. 3.3.

An AFM line profile across the hexagonal spiral steps between the arrows (Fig. 3.2(a))

shows a sequence of spiral steps (Fig. 3.2(c)). The vertical height between spiral steps i

15 nm, about 3-5 unit cells. The width between the spiral turns ranges from 1 to 3 yso. fo

all the spirals presented in this work. The density of spiral steps is about 107 - 109 /cm2
step height is always one monolayer, and distances between steps are larger than those

observed in Y-123 films. In Y-123 thin films, each grain grows by adding atoms to a spiral
expanding step on the top surface of the grain. The large step heights and step widths in

spiral grown Bi-2212 crystals are similar to those seen in Y-123 film grown by liquid phas
epitaxy (LPE).
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By using the AFM, it is possible to gain more detailed information about the surface

smoothness. As shown in Fig.3.1 (e) or Fig. 3.4, a hollow can be seen in the wide platfor
between growth steps. The hollow contains many growth layers with heights of about 10
nm. Such hollows are not visible under optical microscopy. The observation of hollows on
the sample surface implies that the growth is non-uniform or non-steady. Unsteady growth
conditions strongly influence the morphologies and presence or absence of the spirals in
the Bi-2212. This issue will be discussed in detail in Chapter 6.

3.4. Conclusions

Crystal growth of Bi-2212 grown at the KCl surface was confirmed by using an atomic
force microscope to be mainly controlled by spiral growth mechanisms. All the spirals
originated from a common centre. The heights and widths of the spiral steps were

determined to be 9-15 nm (3-5 unit cells) and 1-3 (Am, respectively. The density of spira
steps is about 107- lOVcm2.
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Chapter 4. Formation mechanism of morphologies of growth
spirals in Bi-2212 single crystals

4.1. Introduction

As shown in Chapters 2 and 3, the morphologies of the growth spirals in Bi-2212 crystals a
either square or hexagonal. These two types of morphologies are the same as those observed

Y-123. This chapter will be focused on the reasons why the growth spirals in Bi-2212 crysta

exhibit the two types of shape. Due to the structural similarities between Y-123 and Bi-221
comparative study on the morphologies of the two systems would be helpful for
understanding their origins. Fortunately, a full understanding of the formation of the
morphologies in Y-123 [1] enables us to apply the formation models used in Y-123 growth
spirals to the case of Bi-2212. This chapter is organised as follows: the morphologies of
growth spirals in Y-123 crystals and the reported models constructed for Y-123 are first
demonstrated and reviewed; the formation of the morphologies in spiral grown Bi-2212
crystals is then discussed.

4.2. Formation of Morphologies in Y-123

4.2.1. Morphologies in Y-123 crystals

The spiral-grown Y-123 single crystals used for the growth spiral morphology studies were

grown by a conventional self-flux method The starting composition used for the crystals wa
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fixed at Y:Ba:Cu = 1:18:45 which corresponds to 10 wt% YBCO and 90 wt% flux (Ba:Cu =

28:72) [2]. The crystals were grown in a horizontal tube furnace with a large temperature

gradient of 5-10 °C/cm from the centre to the end of the tube furnace. The crucible was f

heated up to 870 °C and held at that temperature for 4h to evaporate carbonates. Then the

temperature was increased to 1010 °Q held for 4 h and cooled to 990 °C. After holding the

temperature at 990 °C for 8-16 h, the crucible was slowly cooled at a rate of 0.3-0.8 °C
950-970 °C. Finally, the crucible was cooled down to room temperature at the rate of 150
°C/h. Y-123 single crystals were obtained after breaking the crucibles. The morphologies
the surface of the crystals were examined by optical microscope.

According to observations using the optical microscope, the shapes of the growth spirals

Y-123 were found to be circular square, and generally polygonal as illustrated in Fig. 4.

These observations are in good agreement with what is observed in spiral-grown Y-123 sing
crystals grown by the CuO rich self-flux method [3, 4]. The formation of these different

patterns in Y-123 crystals has been well discussed in terms of the roughness of the spira
[3] as shown in the sections below.

4.2.2. Formation mechanism of morphologies of spiral patterns in Y-123 single crystals
[3]

In general, the morphology of growth spirals is controlled by the roughness of the spiral

[5], i.e. the kink density of the steps described by Jackson's a factor [6]; which is sim
concept of the roughness of a solid liquid interface. If the step is rough (with low a),
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Fig.4.1. Optical image of'circular growth spirals in a Y-123 single crystal.

Fig.4.2.

OpticalirmgeofpolygondspiralsinaY-123singkcrysU
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Fig. 4.3. Optical image of"square andpolygonal growth spirals in a Y-123 crystal.

implies that the kink density is high, so that the step can advance independently of the
crystallographic directions, resulting in a circular spiral. If the spiral step is smooth

a), the growth anisotropy of the different crystallographic directions becomes dominant an
the resulting spirals will be polygonalised.

T h e higher the a, the more polygonalized the spiral. During the growth process of a crystal,

growth steps along the strong bond directions contain a lower kink density than those alo
weaker bond directions. Consequendy, the morphology of a polygonalized spiral will be
defined by the stronger bonds in the face. These stronger bonds should be consistent with

direction of a periodic bond chain (PBC) in the crystal structure. Tlie concept of the PBC
defined by Hartman and Perdok [7]. For the (001) face of YBCO, Sun et al [8] have shown
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that two important PBCs exist. The stronger of these is the <100> chain while the weaker

the <110> chain. On this basis, the following relationships can be deduced: (a) with a ve

high a (i.e. smooth steps), a spiral on the (001) face of YBCO will be a square bounded b
<010>/<100> directions, the strongest PBC directions in the (001) face; (b) under the

conditions corresponding to a lower a, the square spiral will be truncated by <110 > edge

next-strongest PBC directions in the (001) face, so that an octagonal spiral is predicate
situation; (c). for a still lower a, the spiral will be circular.

4.2.2.1. Morphologies influenced by growth temperature

The effect of growth temperature on the a factor is clearly shown in Jackson's original
expression [6]:

a = §L/kT

where cj is a factor depending on the crystallographic anisotropy, L the latent heat of m

or dissolution, k Boltzmann's constant and T the absolute temperature. As can be seen fro
the above equation a is inversely proportional to the growth temperature, and hence the
growth spiral on the (001) face of the YBCO will be more polygonalized. That is, with
decreasing growth temperature the evolution of growth spiral morphology is circular ->

octagonal -> square spiral [3]. This prediction is in good agreement with observations of
grown Y-123 crystals [4] and also with the present results as shown in Figs. 4.1 to 4.3.
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4.2.2.2. Spiral shapes influenced by step heights [3]

The analysis of the polygonalisation of macro-growth spirals described earlier shows that

Jackson's a factor is important in establishing the observed step morphology: the lower th

factor, the lower the degree of polygonalization of the spirals. The a factor may be writt
[6]:

a =(Es/Ec)(L/kT)

where Es is the slice energy as defined by PBC theory and the Ec the crystallisation energ

ratio (E/Ec) is the crystallographic anisotropy factor. When the height of the growth step
increases, further bonds are introduced into the growth slice and hence Es (and therefore

will increase. Consequently, the lower the spiral step, the lower the degree of polygonali

4.3. Formation mechanism of morphologies of spiral patterns in Bi-2212
single crystals

4.3.1. Formation of polygonal spirals

As we know, Bi-2212 has a similar structure to Y-123. Both compounds are almost equivalent
in crystallography. The discussion presented above on the formation of the shapes of the

growth spirals in Y-123 should be valid for Bi-2212. As discussed previously, the morpholo

is determined by the a factor, i.e. the roughness of the growth steps, a is sensitive to g
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temperature (a = cjL/kT). High temperature causes a high degree of polygonalisation, low

temperature leads to the square-shaped spirals. It has been shown in Chapter 2 that, at hi

temperature (855 °C), the growth spirals take on polygonal or hexagonal forms, while at lo

temperature (850 °C) all the growth spirals are square shaped. This is in perfect agreeme

shape determination by a, the roughness of the growth step, which is inversely proportiona

the growth temperature. Therefore, the morphologies of the growth spiral in Bi-2212 can be
well explained in the same way as those in Y-123. However, a surprising origin for the

formation of the square-shaped spirals in Bi-2212 was found after examining the growth tw
on the same surface, as will be seen in the following sections.

4.3.2. Square spirals formed by (110) twins

A polarised microscope was used to examine the growth twins Bi-2212 crystals containing

square shaped spirals. Fig. 4.4 (a) shows an optical photograph where normal white light w
reflected off the (001) surface of a spiral grown crystal with a square shaped spiral. It

seen that there are more than 100 spiral turns for each of the growth spirals. Polarised l
was used for the detection of twins. Fig.4.4 (b) is an optical photomicrograph where the

polariser has been rotated in a clockwise direction, showing light extinction for the twi

crystal. The extinction was observed in half of the crystal. Complete extinction was obser

after rotation in an anti-clockwise direction with same rotation angles as before (Fig. 4

This observation revealed symmetrical 90° twins with a (110) twin boundary, the same as w
observed in Bi-2212 single crystals grown by a self-flux method as reported in Ref. [4].

polarized light observations were carried out on almost all of the square shaped spirals.

found that all the square shaped spirals in both single and multiple form consisted of th
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twins. Fig. 4.5 s h o w s a polarised optical micrograph for a single spiral. T h e (110) growth twins
were also observed and are similar to what is shown in Fig. 4.4.

Fig. 4.4. Jtotomkrograpb in reflected lightfora square spiral with rmny spiral turns in a crystal g

more than 12 h. (a): normal ishrbe-light; and cross-polarized light from a crossed position: clo
anti-clockwise (c).
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Hg. 4.5. Polarized light morphologyfor a single square spiral. Extension ofthe spiral step is along (

(110) twins have been reported to be formed by layer-by-layer growth on the basis of scanni
electronic microscopy (SEM) for Bi-2212 single crystals grown by a conventional self-flux
method [9]. They were found to be unchanged by annealing in oxygen at high temperature,

indicating that the (110) twins are growth twins [9]. The growth direction of the spiral st

can be easily found to be along the b direction as shown in Figs 4.4 and 4.5. The formation

mechanism of the square spirals in the Bi-2212 crystals presented in this work is quite dif
from what is observed in Y-123 single crystals grown by the self flux method. It has been

demonstrated in the last section that the shape of the spirals may be due to the smoothness

the growth plane. A smooth growth plane gives the square spiral shape while a relatively ro

one results in circular spirals in Y-123 single crystals. However, from the results present
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above, square shaped spirals result from the coexistence of spiral growth and (110) gro
twins in spiral-grown Bi-2212 crystals.

4.4. Conclusions

A comparison of the formation of the spiral morphology was made between Bi-2212 and Y-

123 crystals. The morphology of the growth in Y-123 is determined by the roughness of th

growth steps, which is inversely proportional to the growth temperature. With decreasing

temperature the evolution of growth spiral morphology is circular —> polygonal —> squar

formation mechanism for the formation of polygonal spirals in Bi-2212 is similar to tha
123. The hexagonal spiral in Bi-2212 was due to high growth temperatures. However, the

formation mechanism of the square-shaped spirals in Bi-2212 is totally different from t

Y-123 crystals or films. By using polarised optical microscopy, it has been cfetermined
squared shape single or multiple spirals are composed of (110) growth twins.
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Chapter 5. Possible formation mechanism of screw dislocations
in Bi-2212 crystals

5.1. Introduction

Both BSCCO and YBCO have similar tetragonal or orthorhombic structures, but they have a

significant difference in their anisotropy. Spiral growth has been found to be the intrinsi
dominant growth mechanism in most forms of the 123 compounds. As shown in the previous

chapters, the strongly anisotropic Bi-2212 crystals can also be grown according to a spiral
mechanism. As is well known, spiral growth originates from screw dislocations, so it is

important to understand the formation of screw dislocations in Bi-2212. The question arises:
Why and how do screw dislocations occur in Bi-2212 under the special growth process rather
than in other processing methods? Are there any differences in the formation mechanisms of
screw dislocation growth between Bi-2212 and Y-123? In order to investigate the mechanism
for the formation of screw dislocations in Bi-2212 single crystals grown at the KCl flux
surface, it is worth discussing the screw dislocation formation mechanism in the Y-123

compounds. Meanwhile, to examine the possibility of the formation of screw dislocations (or

spiral growth) in other phases occurring in BSCCO, such as Bi-2201 and Bi2223, it is also o
interest to elucidate the spiral growth mechanisms in Bi-2212 crystals. In this chapter,

published work on the formation of screw dislocations in Y-123 is first reviewed The growth
mechanism and morphologies of Bi-2201 single crystals grown at the KCl flux surface in the
same way as Bi-2212 is also demonstrated. A novel model for the formation of screw

dislocations in Bi-2212 grown at the KCl flux surface is proposed based on a softening feat
of Bi-2212 crystals at high temperature.
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5.2. Formation mechanism of screw dislocations in Y-123

Growth spirals are routinely observed on crystals grown from solution. According to classical

crystallography, there are three main groups of mechanisms leading to the generation of screw

dislocations [1]: 1) the entrapment in the crystal lattice of foreign molecules or macroscopi
impurities (particles) or the incoherent impingement of growth front, growth particles or

dendrites; 2) non-uniform heat flow during solidification, and 3) the condensation of vacanci
at the growing interface or in the bulk of the crystal. In thin films of Y-123, spirals only
around screw dislocation outcrops. The formation of screw dislocations originates both from
the SrTi03 substrate and from accidents during the growth process (e.g. improper merging of

growth fronts after passing a surface defect) [2-5]. The size of the spiral height is small, 1
unit cells. This is to be expected in the case of a pure screw dislocation mechanism. In the
of melt-textured Y-123, the size of the spirals was observed to be macroscopic with
macroscopic spiral heights and step widths. A possible explanation comes from the model of

Kulilman-Willdorf [6] which accounts for growth steps of large step heights, up to hundreds o
nanometres, associated with a single giant screw dislocation in platelet crystals. According

the theory, the giant screw dislocations will form preferentially in crystals with large F va
during the crystal growth, where F is the platelet diameter-to-thickness ratio. The smallest
value that permits the formation of giant screw dislocations via glide is ^^ = .(D/h^s 3/Ap
= a/Aa, where D is the platelet diameter, h is the platelet thickness, Ap the impurity

concentration difference between the platelet periphery and its centre, % is the lattice cons
at the growth centre, and Aa is the lattice constant difference. This means that giant screw

dislocations are caused by the impurity-induced lattice-constant gradient. Their formation is
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indeed observed in Y-123 prepared by a partial melting technique using Al supports [7], A

substitutions into Cu sites cause large differences in lattice constant and hence lead to
formation of giant screw dislocations in Y-123.

5.3. Formation mechanism of screw dislocations in Bi-2212

As is widely known, no screw dislocations have been observed in any forms of BiSCCO, e.g.

single crystals, thin films, tapes, and melt textured bulks, although the substrate for ma

thin films and supporting materials for the partial melting process is the same as that u

Y-123. Due to the large anisotropy in Bi-2212 compared to that in Y-123, the growth rate i

much faster in the a and b directions than in the c direction, so that even if a screw di

or edge dislocation could form, no spiral growth could form in Bi-2212. The existence of s

growth in Bi-2212 grown at the KCl surface implies that the formation mechanism for screw

dislocation must be special, since none of the reasons for the formation of dislocations i

123 discussed above is suitable for their formation in Bi-2212. This is tested by examinin
growth mechanisms for Bi-2201 grown at the KCl surface by using the same growth
conditions used for spiral grown Bi-2212 crystals.

5.3.1. Growth mechanisms of Bi-2201 crystals at the KCl surface.

5.3.1.1. Experimental

A small amount of Bi-Sr-Ca-Cu-O material (5 wt % Bi-2201 and 95 wt% KCl flux) was used

for the crystal growth, which is by the same method as described in Chapter 2. The pellet

un-reacted Bi-2201 were covered with KCl, and put into a Al203 crucible. The crystal growth
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was carried out in a vertical tube furnace with a large temperature gradient of 10-30 °C/cm
along the crucible. The temperature was held at 800-860 °C for 24-60 h. Crystals were
extracted after different periods of growth. The phases of the crystals were determined by

ray diffraction. The morphologies of the crystal surface were examined by optical microscop

5.3.1.2. Morphologies of the Bi-2201 crystals

In contrast to Bi-2212, the morphologies of the Bi-2201 crystals do not change with growth

conditions, and the crystals obey a two-dimensional layer-by-layer growth mechanism. Fig.5.
shows the morphology of a sample which contains many Bi-2201 crystals. A layer-by-layer
growth pattern can clearly be seen in Fig.5.2. No growth spirals were observed. The
morphology of Bi-2201 is narrowed and plate-like because of fast growth along the
(100)7(010) directions.

Fig.5.1. Morphology of a samplecontaimngmany small size Bi-2201 crystals.
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Fig. 5.2. Morphology of a layer-by-layer grown Bi-2201 crystal.

Fig. 5.3 (a).

Chapter 5. Possible formation mechanism ofscrew dislocations in Bi-2212 crystals

Fig. 5. 3(a) and (b) Bending surface of Bi-2212 crystals extracted and quendiedfiom 840 °C to
ternperature.

5.3.2. Softening of Bi-2212 crystals grown at the KCl surface

In addition to the abundant growth spirals morphologies in Bi222 crystals, another feature o

Bi-2212 crystal growth at the surface is the softened state of the crystal at high temperat
After extraction and quenching from high temperature to room temperature, the surface of a
Bi-2212 crystal shows a large bending without breakage as shown in Fig. 5.3. In some cases,

crystals show particularly predominant bending with large bending angles, which indicate tha
Bi-2212 crystals are very soft at high temperatures. The Bi-2201 crystals exhibited no
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softening at high temperature and no bending after quenching from high temperature to room
temperature.

5.3.3. Formation of screw dislocations in Bi-2212

According to the present observations, at an early stage of growth, there are many small pi

of Bi-2212 rising up to the KCl surface and moving freely on it. The softening of Bi-2212 a
high temperatures enables us to explain how screw-dislocations are generated in Bi-2212

crystals. Let us consider two pieces of Bi-2212 coalescing together at the KCl surface. Due

the softening of Bi-2212 crystals at high temperatures, a crystal which stays on top of ano

crystal tends to bend at the edge of the adjacent crystal at the KCl surface. As shown in t
schematic diagram (Fig. 5.4), a screw dislocation can be formed at the position where the
bending of the crystal occurs, hence spiral growth would be generated under suitable
supersaturation conditions, as will be discussed in Chapter 6.

Bi-2201 crystals exhibited no softening at high temperature and no bending after quenching
from high temperature to room temperature. Therefore, no screw dislocations related to

softening as in Bi-2212 crystals formed for Bi-2201. This may be one of the reasons why Bi2201 does not obey spiral growth mechanisms.

By using the features of the softening of Bi-2212 crystals at high temperature, it can be
explained how both the bending and the formation of screw dislocations are due to the

softening. It should be emphasised that it is the softening of the crystal at high temperat

that makes it possible for the crystal to be bent by a driving force. The bending of the cr
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has two different results for different growth stages. As mentioned above, at an early stage

growth, only a few small pieces of crystal float on the KCl surface, because the driving for
causing the crystal to float up arises from the temperature gradient and the buoyant force.

Once the crystals are floating on the flux surface, they gather together at the centre of th
surface due to its curvature. Because of the softening, they coalesce together and the one

remaining on the top is bent, as is shown in Fig. 5.4. In this process, it is the bending (du
the softening of crystals) that causes the formation of screw dislocations. Spiral growth
develops from the screw dislocation. When the crystal grows to a large size, the total mass
the crystal becomes large compared with the early stage. Although it is still in a softened

at high temperature, it now needs a large driving force to bend it. Therefore, when the crys
is extracted from the high temperature crucible and cooled to room temperature, a large
bending of the crystal is caused as shown in Fig. 5.3.

5.3.4. Formation of multiple screw dislocations

In general, for two adjacent screw dislocations, the formation of a composite spiral is
determined by two parameters, namely the distance (d) between the dislocation outcrops and
the radius (r*) of a critical two-dimensional nucleus defined by the classical GibbsThomson
expression:

r*=7a/kTc
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screw dislocation

K C l flux surface

screw dislocation
mediated growth
K C l flux
Fig. 5.4. Schematic diagram for the generation ofsaw dislocation ly two pieces coalescm
flux surface.

where y is the edge free energy of a growth unit in a step, a the distance between the growth
units and the o the relative supersaturation. Since r* depends on both T and a , the growth
conditions will greariy influence both the interactions and cooperation between neighbouring
dislocations and spirals.

W h e n the dislocation emergence points o n the crystal surface are separated from each other by
a distance larger than 19 r*/2, independent non-cooperative spirals appear. If the mutual

separations of a set of screw dislocation outcrops are less than the critical distance 19 r*/2

series of interacting spirals will occur as shown in Fig. 5.5 (a) [8]. The number of cooperati
spirals will probably not be larger than 5 to 10. Cooperating screw dislocations also result

from grain boundaries as shown in Fig. 5.5(b)[8]. Such a group of cooperating spirals resultin
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from a grain boundary is strongly evidenced by observations of multiple spirals in one of th

Y-123 single crystals grown during this work. Fig. 5.6 shows the morphology on a large group

of the co-operating spirals resulting from a grain boundary. There are more than ten spirals
along the boundary. However, such a group of co-operating multi-spirals generated from a
grain boundary has not been found in spiral grown Bi-2212 crystals. As shown in Chapter 2,
the multi-spiral in Bi-2212 originates from a common centre. The explanation for the
formation of screw dislocations as a result of the softening and coalescing of small pieces
2212 can be applied to numerous tiny fragments of crystal coalescing together and forming a
multi-screw dislocation, as shown in Fig. 5.7. The edges of small pieces of crystal can be
regular or irregular. Each piece in turn steps on the top of another piece. This situation
occur occasionally due to the free movement of the pieces at the flux surface.

Kg. 5.5. Two(a)andagroup(b)ofa>cperatmgspirakresuk^
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Fig. 5.6. Optical morphology ofa large group cfcooperating spirals suitingfrom a grain boundary inaY123 single crystal.

Fig. 5.7. Schematic diagramforthe generation of screw dislocationsfortiny fragments of crystals coalesci
together on the KG flux surface.
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5.4. Conclusions

The growth of Bi-2212 crystals is typically spiral mediated, while Bi-2201 crystals

layer-by-layer. It was observed that Bi-2212 crystals grown on a KCl surface at 800soft and can be bent freely. No softening was observed for the Bi-2201 crystals. The

formation mechanism of the screw dislocations in spiral grown Bi-2212 crystals was f

be different from that in Y-123. The generation of screw-dislocations in Bi-2212 cry

grown at the KCl surface can be caused by the coalescence of softened crystals. It i

that the formation of single, double and multiple spirals in Bi-2212 crystals can be
the softening of Bi-2212 crystals.
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Chapter 6. Spiral growth mechanisms in Bi-2212 single
crystals

6.1. Introduction

In previous chapters, the formation of morphologies of growth spirals and necessary

conditions for the formation of screw dislocations in Bi-2212 crystals have been discussed

should be noted that spiral growth may not be generated even if a screw dislocation forms[l

From observations on the surface of crystals grown at the KCl surface, it has been found th

spiral growth and 2D growth coexist on the crystal surface, as has already been shown in ma
morphologies of growth spirals in Chapter 2. It should be also mentioned that some of the

growth spirals are isolated and sparsely dispersed. Furthermore, for other crystalline mate

ideal spiral growth seems to only happen in the case of a spiral centre with regular growt

steps. In Bi-2212 the growth steps are irregular with very large step widths for spiral ste
are far from the spiral centre. These phenomena indicate that the growth conditions also

significantly influence the spiral growth process. An interesting question is why 2D and sp
growth can co-exist, and how the growth conditions influence the spiral growth. In this

chapter, this issue will be discussed in terms of classical crystal growth models and the g

models established for Y-123 spiral growth. There will first be a review of the reasons for

absence of spiral growth or for the coexistence between spiral and 2D growth in Y-123 thin
films prepared by Pulsed Laser Deposition and sputtering, despite the formation of screw

dislocations in the film growth. The reasons for the coexistence of spiral and 2D growth in

2212 crystals will then be discussed on the basis of a discontinuous growth conditions mode
_ _
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6.2. Spiral growth conditions in Y-123 thin films

6.2.1. Presence and absence of spiral growth in Y-123 thin films

Spiral growth occurs on Y-123 films made by a wide range of physical vapour deposition

techniques [2]. Spiral growth is also found in liquid phase epitaxial Y-123 films. Howeve
surprising that spiral growth is absent in PLD Y-123 thin films deposited on SrTi03. Only

nucleation has been found. Furthermore, it has been found that spiral growth and 2D growt

coexist in the sputtered Y-123 thin films. It should be pointed out that none of the film
produced by the various techniques are free from screw dislocations. It was therefore
concluded that the presence of spiral or 2D growth depends on the growth conditions. The

coexistence of spiral growth and 2D nucleation and growth is quite remarkable, since usua

one of the two growth modes dominates [3]. In the sections below, the analysis of how the
growth model is affected by the typical circumstances of laser deposition and sputtering

have been studied in detail for Y-123 is summarised. Then a similar analysis is made on t
coexistence of spiral and 2D growth in Bi-2212 crystals.

6.2.2. Spiral growth under discontinuous growth conditions

As is well known, spirals form around a screw dislocation outcrop (see Fig. 6.1). As scre

dislocations originate both from the SrTi03 substrate and from accidents during the growth
process (e.g. improper merging of growth fronts after passing a surface defect [4-7]), it
unlikely that the films could be accidendy grown without this type of linear defect.
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Au>0

A^ = 0

Fig. 6.1. Schematic drawing ofa screwdislocation outcrop which at positive supersaturation transfor

growth spiral due to the adsorption of growth units (three stages are sketched). At equilihnum t

its total edge free energy by unwinding itself by step diffusion of growth units. The finalposi
step is rotated with respect to the starting situation, due to tfe faa lhat adato^

Therefore, the role of growth conditions in the development of a growth spiral was
considered The BCF theory describing spiral growth has been developed for steady-state
growth conditions and for singular growth units. Due to the fact that the inner radius of the

spiral is limited by the size of the critical nucleus for 2D growth, the spacing between the spi
steps, A,0, is proportional to y/A[i. Here, y is the edge free energy while Ap, represents the
supersaturation (A|i - kT kiP/Peq = kT In n/nj. The excess chemical potential resulting from
the vapour pressure P being larger than the equilibrium value P^ can be described using Au.
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Equivalently, the supersaturation describes the number of adatoms n, relative to the

equilibrium concentration of adatoms n^. The advancement rate of spiral steps is derived by

considering a series of parallel steps and assuming that the surface diffusion of growth un

towards the step edge is always compensated by a net flux of material from the vapour phases

As shown by Bennema and Gilmer [8] the resulting equation for the normal growth rate R of a
surface covered by growth spirals can be simplified as:

R-Ca[£taiih£]

O — A,n

with

al

" 2ls

Here a is the relative supersaturation a = In (l+o) = h(ns/ns0), C is a constant proportional

n^ and Xs is the mean displacement of the adatoms. The factor Crj in above equation reflects
the dependence of the growth rate on the step density, while the term between the brackets
can be seen as a term indicating how the step advancement is influenced by the interaction

the diffusion fields around the steps. If there is no interaction the growth rate is a quadr

function of the relative supersaturation, while in the case where the diffusion fields over
strongly, the growth rate depends linearly on a [8]. One might assume that an oscillating
material flux (in a process such as pulsed laser deposition) just produces an oscillating

advancement velocity of the spiral steps. This assumption neglects the fact that the spacing

between the spiral steps, X, is inversely proportional to A\i. Clearly, in equlibrium, the s
spacing becomes infinite and under those conditions a screw dislocation is only observable
step ending somewhere on a flat plane.
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In considering the stability of growth spirals under oscillating growth conditions two factors

need to be dealt with: (a) the step geometry reacts to oscillations in growth conditions; (b)
supersaturation exists in non-steady state growth conditions. Generally, any step on a flat
index surface reflects a finite positive edge free energy [9]. As a result, the step spacing

growth spiral is infinite in equilibrium. In that case, a budding growth spirals has to unwin

again. The driving force for unwinding is the minimisation of the edge free energy which tend
to reduce the length of all steps.

The conditions for the supersaturation to decrease to zero have been considered. Since for a

pulsed materials source no equilibrium is established between adsorbed and vapour species, it
is therefore proposed to define A|LI in terms of an adatom concentration, n. = n^-hAn, which
to be compared with the equlibrium adatom concentration, n^. Thus, an average surface

supersaturation AJI = kT h(n/ns0) is defined and it is assumed that the spiral-step distance i
determined by this average surface supersaturation.

The supersaturation of such a growth unit is ultimately a function of time. Whether or not a
positive supersaturation can be maintained during the time x = 1/f^ depends on the surface
diffusion velocity towards the steps. If the absorption time of the units at the steps xh «:
the flow of growth units towards the step edge becomes infinitely small before the surface

adatom concentration is replenished by the next laser pulse in the PLD process. As result, th
spiral becomes inherendy unstable and may unwind itself. On the other hand, if the surface
diffusion constant Ds is low, an effective supersaturation can be maintained and spirals of
some sort may develop. The occurrence of growth spirals will depend not only on the laser
repetition rate but also on the number of atoms deposited per pulse. Clearly, both a small
— —

—
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surface diffusion constant and a small edge diffusion constant favour the formation of growth
spirals.

6.2.3. Nucleation and growth under discontinuous growth conditions

In contrast to spiral growth, 2D nucleation is not related to the occurrence of linear def
m a y occur anywhere on the crystal surface. Nevertheless, nucleation was mainly observed in
the centre of a set of concentric growth steps. This suggests that a large diffusion constant D s
reduces the probability for 2 D nucleation to occur in between the concentric growth steps.
The competition' between the formation time for a 2 D nucleus and the time in which the
supersaturation is reduced by diffusion determines w h e n a nucleus is formed and thereby
explains both the size of the largeflatcentres of the 2 D growth islands and the absence of 2 D
nuclei in between the concentric steps.

6.3. Spiral growth mechanism in Bi-2212 crystals

63.1. The reality of the growth process

In order to elucidate the growth conditions for spiral growth, detailed experiments on the
growth process are necessary. According to real-time observations during the growth process
illustrated schematically in Fig. 6.2, the following phenomena were observed: 1) the solute
(BiSCCO) in the flux rose to the surface from the bottom of the crucible during crystal
growth; 2) in the early stages, n o Bi-2212 materials could be seen. The only materials at the
flux surface were needle shaped Sr-Ca-Cu-O oxides. 3). After about 20 hours, only Bi-2212
72
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formed o n the surface. O n c e the Bi-2212 was removed from the surface, a n e w layer of fresh
Bi-2212 formed again immediately. 4). The Bi-2212 first gathered in the centre of the melted
KCl surface due to the curved melting flux surface, and then the crystals growth extended
away from the centre. 5). The flow of solute originating from Bi-2212 pellets located at the

crucible bottom to the flux interface was continuous. The transportation of the solute in the
form of a thread-like flow targeted different areas on the KCl surface. 6). The number of
thread-like flows of the solute could be increased if the pellets were made larger. 7). At a

stage in the crystal growth, the transportation of small pieces of 2212 was reduced due to th
depletion of the solute.

Bi2212 crystal

KCl Surface

cooling
direction

KCl flux
BSCCO pieces

V

AI203 crucible

Bi2212 pallet

Fig. 6.2. TheprocessbehindtheBi-2212spiralgrowth.
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It can be seen that this process is quite analogous to both sputtering and P L D processes. It

was argued in Chapter 2 that a large temperature gradient should drive small pieces of BSC
to the top of the KCl surface. In this process, the flux surface or interface between KCl

air can be regarded as "substrate", the BSCCO as "vapor", and the KCl as "atmosphere" in a
analogy to conventional vapour deposition. However, the important difference between the
special process of "vapour" deposition and the conventional one is this: the crystallised

pieces (precursors or growth units) will be fixed at the substrate once the growth proces
finished in conventional vapour deposition, but pieces of BSSCO can move freely on the

"substrate"(flux surface) in the special deposition process, favouring the formation of sc
dislocations as discussed in Chapter 4. The above facts enable us to discuss growth

mechanisms of Bi-2212 on the KCl flux in terms of a special "vapour" deposition process as
shown in the next section.

6.3.2. Spiral growth mechanisms in Bi-2212 associated with discontinuous growth
conditions

From the discussion in the last section, Bi-2212 crystal growth at the KCl surface can be

regarded as a "vapour" deposition process that is similar to both sputtering and PLD. This

means the growth conditions can be both continuous and discontinuous. In this case, all of

the discussion above on the co-existence of 2D and spiral growth can be transferred to the

case of Bi-2212. If the first condition, the formation of screw dislocations, is satisfied

growth should be generated if the supersaturation is also suitable. It has been shown tha

proportional to y/Au. Thus a necessary condition for spiral growth to form is a non-zero A

The absorption time for 2212 units at a step and the floating time (for coming up from the
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bottom of a crucible) of 2212 units should be taken into account, just as formation times

need to be considered in the PLD process described in the last section. If the absorption
of the units at the steps Th « 1/f

floating,

the flow of growth units towards the step edg

becomes infinitely small before the surface adatom concentration is replenished by the ne

floating. As result, the spiral becomes inherently unstable and may unwind itself. On the
hand, if the surface diffusion constant Ds is low, an effective supersaturation can be
maintained and spirals of some sort may develop. The occurrence of growth spirals will
depend not only on the floating rate but also on the number of pieces of BSCCO available

the bottom of the crucible. By this analysis, it is easy to understand the co-existence o

2D and spiral growth in Bi-2212 crystals grown at the KCl surface in terms of the continu
and discontinuous growth conditions in the special "vapour" deposition process. The
concentric square spirals shown in Fig. 2.6 in Chapter 2 are due to 2D nucleation, which

happen anywhere. In the case of formation of the concentric growth hillocks, a large Ds ma

occur in the growth of Bi-2212, which reduces the probability that 2D growth will occur i
middle of a concentric growth island. It is the complicated growth conditions that are

responsible for the abundant morphologies shown in Chapter 2. Due to factor 4 and a large

temperature gradient, the heat flow is non-uniform in the crystal growth. This can explai
the spiral shapes change from circles to general polygons and squares from the centre to
edge in a growth spiral as shown in Fig. 2.5 in Chapter 2.

6.4. Conclusions

There is a similarity in the spiral growth mechanism for Y-123 thin films and Bi-2212. A

proposing that discontinuous growth conditions are responsible for the coexistence of bot
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two-dimensional and spiral growth on P L D Y-123 thin films is also valid for the growth of Bi-

2212 at the surface of KCl. As the spiral width is inversely proportional to the s
a condition for forming spirals is a non-zero supersaturation surrounding a screw

A model of a "vapour" deposition process with discontinuous growth conditions is p

The formation of screw dislocations and discontinuous growth conditions is respons
the coexistence between spiral and two-dimensional growth.
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Chapter 7. Summary

1. Tremendous progress has been made over the past decade in the growth of HTS single

crystals. As a result, almost all the compounds in different HTS systems with or without
doping can be grown in single crystal form. Early problems of growth techniques and

contamination from crucibles have been solved. For example, TlSr-1223, which is accepte

as being difficult to grow due to its toxicity and difficulties in phase formation, has

been successfully grown. Even Bi2223 phases have been obtained by using a special flux.

As has been shown in this thesis, the very strongly two dimensional Bi-2212 single cryst
which were thought to only grow in a two-dimensional layer-by-layer manner, have now

also been successfully grown by a spiral growth mechanism. The high crystallinity recen
obtained in Y-123 single crystals, (FWHM=0.007°) with high chemical purity (above

99.99%), is comparable to what is seen in the crystals of very pure semiconductors. This

means that the quality of Y-123 crystals is now good enough to allow studies of intrins

properties in the HTS. The quality of Bi-2212 single crystals grown by TSFZ is also goo
enough for basic physical property studies.

2. If a small amount of Bi-2212 (5 wt %) and large amount of KCl (95 wt %) KCl are used

for the crystal growth, Bi-2212 crystals can be grown on the top surface of the KCl flux

Bi-2212 single crystals grown at the KCl surface mainly obey a spiral growth mechanism.

Single, double and multiple spirals with square, rectangular and other polygonal shapes,
with the same and opposite signs have been observed by optical microscope. It has been

found that the morphologies of spirals are mainly hexagonal for crystals grown at 855 °

but only square at 850 °G Atomic force microscope studies have confirmed that the cryst

growth of Bi-2212 on a KCl surface is mainly controlled by spiral growth mechanisms. Al
the spirals originate from a common centre. The heights and widths of the spiral steps
__ __ ^
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determined to be 9-15 n m (3-5 unit cells) and 1-3 u m , respectively. The density of spiral
steps was about 107- lOVcm2.

3. A comparison of the formation of the spiral morphology was made between Bi-2212
and Y-123 crystals. The morphology of the growth in Y-123 is determined by the

roughness of the growth steps, which is inversely proportional to the growth temperature.
With decreasing growth temperature the evolution of the growth spiral morphology is
circular —> polygonal —• square. The formation mechanism for most polygonal spirals in

Bi-2212 is similar to that in Y-123. The hexagonal spiral in Bi-2212 is due to a high gro
temperature. However, the formation mechanism for square-shaped spirals in Bi-2212 is
totally different from that in Y-123 crystals or films. By using a polarised optical
microscope, it has been determined that (110) growth twins coexist with square shaped

single or multiple spirals. In fact, it is the (110) growth twins that lead to the squar
growth spirals.

4. The growth of Bi-2212 crystals on a KCl surface is typically spiral mediated, while Bi

2201 crystals always grow layer-by-layer. Bi-2212 crystals grown on a KCl surface at 800840 °C are soft and can be bent easily. No softening was observed for Bi-2201 crystals
grown under comparable conditions. The formation mechanism for screw dislocations in

spiral grown Bi-2212 crystals was found to be different from that in Y-123. The generatio
of screw-dislocations in Bi-2212 crystals grown at a KCl surface may be caused by the
coalescence of softened crystals. This may explain the formation of single, double and
multiple spirals in Bi-2212 crystals.

5. There is a similarity in the spiral growth mechanisms for Y-123 thin films and Bi-221

model proposing that discontinuous growth conditions are responsible for the coexistence
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of both two-dimensional and spiral growth in P L D Y-123 thin films is also valid for the

growth of Bi-2212 at the surface of KCl. As the spiral width is inversely proportional t

supersaturation, a necessary condition for the spirals to form is a non-zero supersaturat
surrounding a screw dislocation. A model of a "vapour" deposition process with
discontinuous growth conditions is proposed. The formation of screw dislocations and
discontinuous growth conditions is responsible for the coexistence of spiral and twodimensional growth.
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Part II. Flux pinning and the peak effect in 2 D and
spiral-grown, pure and doped Bi-2212 single crystals
Chapter 1. Review of the peak effect in high Tc
superconductors
1.1. Introduction
An abnormal feature in the flux pinning behaviour of high temperature superconductors
(HTS) which still remains unclear is the appearance in the magnetic characteristics of a
second peak in the shoulder of the central peak at H = 0 . This secondary peak is seen in the
field dependence of the critical current Jc (Jc vs. H k ) or in the magnetic hysteresis (M-H)
loops. This p h e n o m e n o n is called a "fishtail" or peak effect. It is characterised by the fields
Hniin, where the critical current starts torise,and F W , where Jc reaches a maximum, as
illustrated in Fig. 1.1. This fishtail effect has been observed in nearly all kinds of H T S . T h e

H

H
mm

me

H dc
Kg.1.1. A schematic diagram showingpeak effect
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peak effect was first observed in 1990 in M-H loops of Y-123 single crystals grown by th

self-flux method [1]. The technological use of all other high temperature superconductors

at liquid nitrogen temperature is actually limited by their poor critical current density

magnetic fields. The fishtail anomaly found in the HTS thus makes them potentially usefu
in technological applications even at high fields. The peak effect in Y-123 compounds
seems to be independent of the type of sample, because it is found in single crystals,

ceramics, films, grain-oriented, powdered, and melted samples [2]. It is also present in
samples with oxygen under- and over-doping, as well as in irradiated samples with point
columnar defects [2]. However, the peak effect in Bi-Sr-Ca-Cu-O (BSCCO) has been
observed to be sample dependent. It can only be observed in high quality single crystals

4]. The peak effect in Y-123 is also much stronger than in BSCCO, just as Jc is also hig

in Y-123 than in BSCCO. In contrast to the case of Bi-2212 single crystals, the peak eff

in Y-123 compounds appears at high temperatures (02 < T/Tc < 1) and high magnetic fields
(LLjax > 6 T at 20K). Corresponding to the numerous different samples showing the

fishtail effect, there are numerous models proposed to explain this effect. Discussions on

the origin of the peak effect are divided into two groups [2, 5]. The first concerns the

correlation between different crystal defects or microstructures and the peak effect. This

the main focus of interest from the viewpoint of material processing, where the aim is t

find defects or microstructures that directly relate to the peak effect. The second group

to do with the flux pinning properties or the nature of the peak effect. Two types of pe
effect models, "static" and "dynamic" have been suggested [2, 5]. Despite the large

numbers of publications on different types of samples and different HTS, the origin of t

peak effect has remained controversial for nearly a decade. Studies of both crystal defect
and flux pinning as possible causes of the peak effect are reviewed in this chapter.

82

Pari 11, Chapter /. Review ofpeak effect in hii{h Tc Superconductors

1.2. Crystal defects or microstructure as a cause of the peak effect

1.2.1. Oxygen vacancies

This group of interpretations is based on the assumption that the fishtail in Y-123
compounds is caused by inhomogeneities in the oxygen stoichiometry. In the granularity
model [1] oxygen deficient regions are assumed to become normal if the temperature is
high enough. These normal regions increase in number and size with increasing field and
temperature. At Hmax, these regions overlap, so that percolation sets in and leads to

granular behaviour. In contrast, the Josephson-junction model [6, 7] assumes that current
between large regions of oxygen-poor material dominate at low fields. At Hdn these

regions start to decouple and above Hmax they are all independent so that magnetisation is

dominated by intra-regional currents. However, the regions also become small, resulting i
a smaller moment. Another model assumes that the oxygen-deficient regions are
microscopically small [1, 6, 8, 9] with a lower Hc2 value than for the fully oxygenated
matrix. At low fields the order parameter is only slighdy suppressed leading to weak
pinning centres, but with increasing field the order parameter of these regions is much

more strongly suppressed than the order parameter of the matrix, with the result that the
pinning centres become stronger in higher fields. The influence on the peak effect of
changing oxygen content is discussed in many papers, but the role of oxygen remains
unclear [2, 3, 10-14]. In many cases a correlation between the fishtail and oxygen
concentration is found. For example, in extremely pure (99.99%) Y-123 single crystals it
was shown that the fishtail can be reversibly suppressed by full oxygenation under high

pressure [13-15]. There are also hints that not only the content but also the arrangement
the oxygen defects is important [14].
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A n oxygen vacancy cluster model has been proposed to explain the peak effect in high
quality Y-123 single crystals [12]. Fig.1.2 shows the microstructural arrangement of the
oxygen vacancies. Such a cluster model has been verified by positron annihilation
spectroscopy and N M R measurements [15]. A t temperatures as high as 700 ° C the
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Fig.1.2. Different arrangements of the oxygen vacancies in the basal plane of YBa2Gt30&94.
anangernentcorrespondstoHghertem^

oxygen deficient regions are more likely to be randomly distributed, while at lower
temperatures oxygen deficient unit cells tend to cluster due to the smaller contribution of
the entropy terms to the free energy. If the crystals are annealed at low temperatures, these
clusters form and grow to larger sizes. They also become more widely spaced. Pinning of
vortices is most effective if the distance between vortices matches the m e a n distance
between the pinning centres. In the case of pinning by oxygen vacancy clusters, it has been
found that, for short re-annealing times the Jc m a x i m u m appears at high field (3.31), but
shifts to lower fields for longer annealing times, w h e n cluster growth makes their m e a n
84
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distance larger. O n the other hand, the amplitude of the Jc m a x i m u m increases for longer
anneals, since the bigger clusters have a higher pinning potential.

A peak effect which is different from the normal peak effect was observed in a bulk Y-123
sample [5]. Jc in bulk Y-123 frequendy shows a maximum at fields far above the self-field.
The defect structure responsible for the peak effect consists of small clusters of oxygen
vacancies, impurity atoms, or dopants. The peak that first appears very close below the
vortex melting line broadens in samples over-doped with oxygen, but increases in height,
and shifts to lower fields, as the oxygen content decreases. Above the peak field, FW, the

current becomes less sensitive to the growing strength of the defect structure as a result o
plastic deformation of vortices.

1500highly overdoped

iodineintercalated

1000

500-

overdoped

optimally doped

0

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 1.3. Temperature ckpemdenoe ofH ^ in optimally doped (circles), oxygen overdoped (triangles
highly overcfoped(squares)pureandI()dinedopedBi-2^^
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On the other hand, the peak effect also appears in samples where oxygen defects play no

role (e.g. Y-124) [16, 17], which leads to the assumption that other defects (e.g. impur

or structural defects such as dislocations, stacking faults or strain fields around such
defects) may be responsible for the peak effect.

The peak effect in Bi-2212 is very sensitive to the oxygen content [3, 18]. For crystals
under-doped and optimally doped with oxygen, the PE only appears at low fields over a
small temperature range at low temperatures. However, for oxygen overdoping or heavy
over-doping, the PE is significantly enhanced [19]. Peak fields appears over very wide

temperature ranges, 02 < T/Tc < 0.8, which is similar to what is seen in Y-123 compounds

Fig.1.3. shows the temperature dependence of Hpeak for different Bi-2212 single crystals.

1.2.2. Crystal defects responsible for the peak effect

A peak effect with F^eak being independent of temperature was observed in a Bi-2212
single crystal which contains planar dislocation networks as determined by TEM [3]. At
low temperature, the dominant pinning depends on the degree of sample oxygenation and
is almost certainly due to point defects (oxygen vacancies) pinning the 3D flux lattice.

raising the temperature above 25 K, thermal fluctuation results in a vortex transition fr
3D to 2D pancake vortices in the individual Cu02 layers with little coupling between
layers. Decoupled 2D pancake vortices interact strongly with the extended dislocation
networks. This pinning is expected to be particularly strong when the pancake vortex

spacing matches that of the network structure, leading to the pronounced peak observed i

the magnetic hysteresis at around 60-100 mT. The temperature and field dependence of the
MH loop was explained in terms of a competition in pinning between point defects and

dislocation networks, which reverses their relative importance above and below the 3D to
86
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2D transition around 25 K. Fig. 1.4 shows a model of the dislocation network. At bw
fields the pinning centres are denser than the density of the vortices. The vortices can

move relatively easily, because there are many energetically equivalent positions. At highe
fields the vortex distance equals the mean defect spacing and the number of possible sites
where the vortex can jump is reduced, which leads to enhanced pinning.

150 nm
I

H

Fig. 1.4. A n idealised dislocation network in a Bi-2212 crystal with the shaded areas representing
fault regions. The circles represent 2D pancake vortio2s with a sparing matahed to the d^^
structure.

A strong peak effect has been observed in Pb-doped Bi-2212 crystals with oxygen
overdoping [21]. The PE appears over a very wide temperature range of 02<T/Tc<l,
which is the same as that in Y-123. The PE in the Pb-doped Bi-2212 crystals has two
features that are different from those in pure Bi-2212 crystals; 1) the secondary peak
remains extremely broad as the temperature rises towards Tc, in contrast to the sharp
87
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structure in Pb-free crystals; 2) the secondary peak field, Hpeak, is strongly dependent o
temperature. In addition to the other microstructures associated with a strong PE, a new
microstructure has been observed, a thin modulation-free layer (thickness 10 nm) parallel
to the ac plane and dispersed in the modulated matrix (modulation period - 10b) at

intervals of 50-100 nm along the b-axis [22]. Based on the microstructural analysis made o

polycrystalline samples of Pb-doped Bi-2212, it is believed that the modulation-free layer
have a higher Pb concentration than the modulation layer. Assuming that Tc of the

modulation-free region is largely suppressed due to the very much higher Pb concentration,

it is reasonable that such a region is driven to the non-superconducting state at moderate
temperatures and magnetic fields. As a result, the interfaces between modulated and
modulation-free layers might act as strong pinning sites [21].

1.2.3. Impurity and dopant related PE

In Re-Ba-Cu-O melt textured samples produced in a reduced oxygen atmosphere, Re rich

clusters have been found to be finely distributed in the Rel23 matrix [23]. These clusters

are formed due to the fact that Re ions occupying Ba sites tend to form pairs. However, at
high temperatures these clusters have the tendency to agglomerate and coarsen, which
leads to reduced Jc and peak effect. Oxygen annealing under high pressure improves Tc and

the irreversibility field and further shifts the peak field to a high field region. The ad
of Nd-422 fine particles is effective in increasing Jc in a low field region and does not
eliminate the peak effect, although the magnitude of the addition (> 20%) reduced the

peak height, which was attributable to the presence of Nd-Ba solid solution in Nd-422 [23]
An impurity related peak effect is always observed in Y-123 single crystals grown with
contamination from a Y-Z1O2 crucible [12].
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1.3. Vortex pinning behaviour in the peak effect region

So far as vortex behaviour in the PE region is concerned, flux creep behaviour has been

studied by measuring the magnetisation decay at fields above and below the peak position.
Measurement of M-H loops at different field sweep rates is also a very useful method for

understanding the flux creep behaviour around the peak region. Two classes of explanation

in terms of vortex behaviour have been suggested. The first is based on a "static" pictur
The peak is visible at all sweep rates of the field. The second class is based on the
"dynamic" picture of the vortex. The appearance of the peak changes with changes in the
field sweep rate.

13.1. "Static" pictures of the vortex in the region of PE

A growing number of authors favour a model where the increase in Jc with field is assumed
not to be due to the appearance of field-induced pinning centers, but is caused by some
genuine changes in the flux pinning properties [2, 16, 24-28]. The evidence for this
hypothesis is that in many cases there is a scaling of the bulk pinning force with

temperature [29, 30], which points to the existence of only a single pinning mechanism. O
the simple assumptions of the static collective creep theory, an increase in the Larkin-

Ovchinnikov correlation volume [31] with field could lead to the peak effect. In that cas

pinning would become stronger, because at high fields the inter-vortex distance is smalle
leading to an increased vortex-vortex interaction and to long range correlation.

The static model for the PE takes into account a possible softening of the tilt modulus o
the flux line lattice CM [2]. As Brandt has pointed out[32, 33], in real superconductors

lines are usually pinned by more than one pinning centre. In that case a soft flux line l
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can be m o r e strongly pinned than a rigid one. It was shown that phonon-like fluctuations
may play an important role by leading to better adaptation of the flux line lattice to the
defect structure. In this interpretation the effect is expected to appear mainly near Hc2,

because in that field range the order parameter decreases strongly with field. In the stati
collective pinning theory, thermally activated relaxation and the single vortex collective
regime, as well as the small bundle regime, are not considered. The rise of the current is
related to the decrease of vortex volume in passing from the large bundle to the single
vortex regime. The transition starts at field rinin where the radius of the vortex bundle
becomes equal to the effective penetration depth and is completed at Hmax. The origin of

this change from a local to a non-local interaction is the dispersion of the tilt modulus C

13.2. "Dynamic" model

In the dynamic model [5, 24] for the PE based on the collective creep theory [34], the

increase of Jc relates to the transition from the single vortex collective state with a high
relaxation rate into the small bundle region with a lower relaxation. In this case the
unrelaxed current is expected to decrease monotonically with H and the PE is caused by

the larger thermally activated decay of Jc in the low-field single vortex collective regime
where the interaction between vortices is negligible. This dynamic interpretation is in
contrast to all the static models in which both the relaxed and the unrelaxed currents are
expected to show a PE. In the static interpretation, relaxation influences only the
dependence of the current on H and T, but the PE is caused by a different mechanism.

Taking into account the strong time dependence of the magnetic moment, it has been
suggested [24, 35] that the peak effect is connected to changes in relaxation behaviour at
high fields. Whereas the unrelaxed component of Jc decreases smoothly with increasing
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field, the anomalous increase of the relaxed current density with field is caused by a l

relaxation rate at high fields. In that case a minimum in the normalised creep rate S is
expected where the maximum in Jc (H) appears, because both would imply an increased
pinning.

1.3.3. 3D and 2D crossover model

Some authors [36, 37] have interpreted the peak effect as a dimensional crossover in the
pinning behaviour. At low enough fields three dimensional (3D) behaviour is always

expected, because the Josephson or magnetic coupling between the 2D vortices in differen
layers becomes stronger than the intra-plane coupling, which fades out with increasing

vortex distance. The 2D behaviour in the fishtail regime can be confirmed from the field
dependence of the critical current density.

1.3.4. Order-disorder transition induced peak effect

This model [38] is based on the facts: 1) A vortex lattice has been observed in clean B2

crystals at low fields (< 100 Oe) in measurements using decorations, neutron cliffractio

and Lorentz microscopy, confirming the existence of the ordered quasi-lattice at low fie

2) at high fields, however, the perfect lattice has never been observed; 3) the onset of

peak effect observed in high quality Bi-2212 single crystals is very sharp, suggesting t
peak may mark some phase transition. The smoothness of the peak in earlier global
measurements is a consequence of spatial averaging due to inhomogeneous induction

inside the samples. In this model, obstruction of the vortex lattice by random point pin
is considered as a mechanism of the "second peak" transition in weakly coupled layered
HTS. A structural model of the order-disorder transition is given in Fig.1.5.
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Fig. 1.5. Vortex lattice (a) and vortex glass (b).

1.4. Conclusions

Interpretations of the abnormal magnetisation peak effect in high T c superconductors are

still controversial. Crystal defects, impurity inclusions, and oxygen defects have all
regarded as direcdy responsible for the peak effect. From the flux pinning viewpoint,

edge barrier, dimensional crossover, softening of C 44, and order - disorder transitio
all been proposed to explain the origin of the peak effect in Y-123 and in Bi-2212.
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Chapter 2. Enhancement of Jc and the peak effect in Pb doped
Bi2Sr2CaCu2Oy

2.1. Introduction

Due to very large anisotropy in Bi-2212, the intrinsic pinning in this 2D compound is very
weak compared to that in 3D YBCO compounds. It is a challenge to see if the intrinsic
pinning can be improved by introducing foreign elements into Bi-2212. Although extensive
efforts have been made through different doping technique, such as substitutions of Re
elements into Ca sites [1], Fe or Ni and other transition metal ions into Cu sites [2, 3]

oxygen into B1O2 layers[4], the flux pinning in the doped Bi-2212 was only slighdy improved

and in some cases even became worse for a moderately high doping level[3]. Out of all these
efforts, only the high oxygen doping was effective in improving the flux pinning [4]. An

indication of strong pinning was first reported in BiiyPbcuSnCaG^O 8+5 single crystals, whi

exhibited a strong peak effect over a very wide temperature range [5]. Recently, strong pi
due to Pb doping has been confirmed by a significant enhancement of Jc in heavily Pb doped

Bi-2212 single crystals [6]. Meanwhile, accompanying the high Jc, a strong peak effect whic

can persist up to Tc with high peak fields has also been observed [7]. This implies that Pb

incorporation into the B1O2 layer is indeed an effective way to improve the pinning in Bi-2

However, the origin of the enhancement of flux pinning or of the strong peak effect is sti

well understood. This chapter reports detailed studies of strong flux pinning with a stron
by Pb doping into Bi-2212. A novel method is proposed for the characterisation of the PE.

Pinning enhancement is explained in terms of microstructure distortions caused by Bi^, Pb2+,
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or P b 4 + ions. This work is the foundation for the discussions in other chapters regarding the
PE in other types of Bi-2212 crystals.

2.2. Experiment

The crystals used for the experiment were grown using a self-flux method. The nominal

composition of the starting material is rich in Bi, Sr, and Ca with respect to standard 221
stoichiometry. The size and crystallinity of pure Bi-2212 single crystals grown using this
composition are better than in those grown with other compositions using the self-flux
method [8]. Due to the significant volatility of PbO, extra PbO was added to the starting
material to compensate for Pb loss at temperatures above 1000 °C. High purity (99.9%)
starting compounds of B12Q3, PbO, SrC03, CaCXb, and CuO were mixed well according to
atomic ratios Bi:Pb:Sr:Ca:Cu=4:2:4:2:2. About 50 g of the mixture was put into an AI2Q3

crucible. A box furnace was used for the crystal growth. The crucible was put in an appropr

position inside the furnace where a natural temperature gradient formed along the crucible.

The temperature profile for the crystal growth is schematically shown in Fig. 2.1. The sol

shows the optimum conditions for the growth of pure Bi-2212 crystals and the dashed line fo
the Pb-doped crystals. For Pb doped Bi-2212 crystal growth, the maximum temperature and

holding time are shorter and lower than for pure Bi-2212, so as to prevent significant Pb l

at high temperatures. In contrast to the slow cooling rate, 1-5 °C/h as is used for the gro

pure crystals, a fast cooling rate of 20- 50 °C/h was employed because of the problem of Pb
loss, as well as possible Pb segregation during cooling, which may result in a very
inhomogeneous distribution of Pb inside crystals. After crystal growth, the crucible was
broken mechanically, and samples could be obtained by simply cleaving the as-grown bulk
crystals. -——
~
~

~
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Figure 2.1. Temperatureprofilefor crystal growth. Solid line shows doe optimum conditionsforp

growth. The dottedline is for Pbdoped Bi-2212 growth. The unmarkedlines are all 200 °C/h.

The phases and microstructure were analysed by X-ray diffraaion, Energy Dispersive Analysis,
and Transmission Electron Microscopy. Flux pinning properties and the peak effect were
characterised using a Quantum Design™ by the Physical Property Measurement System

(PPMS). The transition temperature was checked by means of ax. susceptibility measurement
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2.3. Results and discussion

2.3.1. Phases and superconductivity

The typical sizes of as-grown crystals were lxl mm2, which is similar to those grown by the
travelling solvent floating zone (TSFZ) technique [6]. Most of the crystals are 2212. Some
the crystals were found to be 2201, which very commonly occurs in the self-flux growth
method. The real atomic ratio Bi:Pb was determined to be 1.66:0.34 by Energy Dispersive

Analysis. The results of ac susceptibility for two as-grown crystals are illustrated in Fig
The Tc are 83 K (sample 1) and 85 K (sample 2) with transition widths of 6 and 8 K,

respectively. The wide transition implies inhomogeneity in oxygen or Pb distributions insid

the as-grown crystal. For sample 2, after annealing in air at 600 °C for 10 h, the transiti
width was much improved with a very narrow transition of 2 K, indicating a better
homogeneity of oxygen and Pb distribution. The reduction of Tc from 83 to 68 K indicated
that the oxygen doping state changed from under-doping to over-doping. After further
annealing at a high temperature of 800 °C in air for 1 h, sample 2 reverted to the oxygen

under-doped state with a Tc of 72 K while maintaining a sharp transition as shown in Fig.2.2

It is expected that at such a high temperature Pb could be segregated from the lattices and

thin surface layer could decompose. This expectation of decomposition due to Pb segregation
was supported by the significant decrease of ax. susceptibility, showing reduction of
superconducting volume. The retention of a sharp transition indicates a homogeneous

distribution of oxygen within the sample. The Pb segregation is also believed to be respons
for an unconventional peak effect in sample 2 after an additional annealing at 800 °C
combined with quenching, as discussed in later sections.
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Kgure2.2. A.C. susceptibility of sample 1 (dotted line, as-grown) and 2 (open circle: asgrow

annealingat 550 ° Cfor lOhin air, closed circle: after annealing at 800 "Cfor 1 h with quen

2.3.2. Enhancement of Jc

In order to obtain the critical current Jc, M-H loops were recorded over a wide temperature
range from 20 to 77 K. Jc was calculated by using the formula [9]

,^
20AM
JC(T) =

,
—>a<b

Jc as a function of magnetic field for temperatures from 20 to 40 K is shown in Fig. 2.3. It can
be seen that the Jc of the Pb-doped crystals whether as-grown (slightly oxygen under-doped)
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air-annealed (oxygen over-doped) is very m u c h enhanced compared to that of pure Bi-2212
crystals. This is especially true at 40 K , where Jc is nearly 2 orders of magnitude higher than in
Pb-free crystals. Furthermore, the enhancement is clearly seen in plots of Jc vs T/Tc for fields
of 0-2 T as s h o w n in Fig. 2.4. It can be seen that at T / T c > 0 2 5 , Jc of the Pb-doped crystals is
significantly larger than in undoped ones. T h e significant enhancement of Jc in Pb-doped
crystals is in good agreement with what is seen in P b doped Bi-2212 crystals grown by T S F Z

>000

20000

15000

10000

5000

0

H„,
[Oe]
dc

Fig.2.3. Field dependence qffc at different temperatures. Solid lines areforpure Bi-2212 crystals. Open

and closed circles areforPbdoped Bi-2212 crystals, open circles: asgrown, closed circles: after anneal
at 550° Cfor 10 h.
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2.3.3. Enhancement of the peak effect

An important feature of heavily Pb doped Bi-2212 crystals is the significant enhancement o

the peak effect, which was first reported in BioyPbojS^CaCuaCWx single crystals [5] and al
observed in heavily Pb doped 2212 crystals grown by TSFG [7] . The strong peak effect was

also observed in our as-grown crystals, and the effect was considerably enhanced for sampl
where there was oxygen over-doping. Fig. 2.5(a) and (b) show M-H loops for sample 1 which

has a very wide transition, as is shown in Fig. 2.2. It can be clearly seen that the secon
appears over a wide temperature range between 20 and 60 K. For crystal 2 in its as-grown

state, the peak effect is much stronger than for sample 1, as is shown in Fig. 2.6 (a) and
The peaks persist up to Tc. In addition, it should be noted that the height of the peak in
sample 2 is higher than in sample 1 except for temperatures higher than 70 K.

The peak effect is thus pronounced in sample 2. After annealing in air at 550 °C, causing

decrease in Tc from 82 to 68 K, the lowest temperature at which the secondary peak appears

decreased from 25 to 16 K as shown in Fig. 2.7. The field values for the secondary peak as

function of temperature for both samples have been given in Fig. 2.8. Hpeak for the as-gro

state of both samples is smaller than after annealing. Sample 2 with oxygen over-doping ha

peak field value of 4000 Oe. This is the highest value of peak field among all the Bi-2212

crystals reported so far and is in agreement with what is seen in heavily Pb-doped Bi-2212

crystals [7]. The peak effect for both Pb-doped samples appears in over a wide temperature

range between 02 < T/Tc < 0.9. This range is much larger than that observed in pure Bi-221

crystals and is the same as for Y(Re)-123 compounds. This indicates that the peak effect i
doped 2212 crystals may have the same mechanism as in Y-123.
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104

Part II. Chapter 2. Enhancement ofJc and the Peak effect in Pb-doped R2Sr2GtiOu2Oy single crystals

-0.06
-30000-20000-10000

H H„ [Oe]

0

10000 20000 30000

dc

(a)

-2000

-1000

H dc [Oe]
<b)

Part II. Chapter 2. Enhancement ofJc and the Peak effect in Pb-doped Bt2Sr2GtQi20y single crystals

0.002

-0.002
-1000

-500

0

500

1000

Temperature [Kj

Fig. 2.6(a), (b) and(c). M - H loopsforsample 2 (as-grown state) showing the peak effect between 20 a
K
0.10

,

,

r

,

,

,

.

0.08
0.06

3

0.04

E

0.02

•£

0.00

^^y/V\\ \. 25

0)

£
O
^

•

-0.02
-0.04
-0.06

•

^ \

-0.08
-40000

\

—

-20000

A

/

,

i

6 0 K

/

0

—

—

i

20000

.

40000

Hdc (Oe]

o
Cforl0h). Thepeaktffect
Fig.2.7. M - H loops of sample 2 with oxygen•dopng(afwarmealingat550
overdopi

appears down to 16 K with decreasing Tc
106

r

. Chapter 2. Enhancement ofJc and the Peak effect in Pb-doped Bi2Sr2CaCu2Oy single crystals

4000

4000

- 3000

3000

0

- 2000
*~% 2000
a
1000

I"
1000
0
0

20

40

T c [K]

60

80 0.0 0.2 0.4 0.6 0.8 1.0

T/T

Fig.2.8. Temperature dependence of field at secondary peak position. Dotted line: sample l

circles: sample 2 (as-grown), Solid line: sample 2 after annealing at 550 ° Cfor 10 h in air, Go

sample 2 after annealing at 800 "Cfor 1 h with tptencbing. Cosed squares rep/resents a pure Bi-22
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23A. Unusual peak effect

As revealed in the a.c. susceptibility vs temperature, after annealing at 800 °C for 1 h an

quenching in air, the real part of the susceptibility &') of sample 2 significantly decrea
(about 20%) compared with the as-grown state. Accompanying the reduction in %', an unusual
PE was observed in the M-H loops for temperatures higher than 60 K, although normal PE
appears between 20 and 55 K as shown in Fig. 2.9(a). Surprisingly, for high temperatures
between 60 and 70 K, the right branch (H>0) of the M-H loops becomes far separated from
the left branch (H<0) (Fig. 2.9(b)). Such an unusual shape can be easily explained by
considering the large Pb inhomogeneity over large areas of the sample.
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As has been pointed out in previous sections discussing sample annealing effects, it is

that Pb becomes segregated from some of the unit cells after annealing at 800 °C. In thi

the crystal actually consists of two different regions, one containing Pb, the other con

no Pb. Therefore, the M-H loop should arise from a combined contribution both from the

doped 2212 region and Pb-free 2212 regions. The former regions give the normal PE simi

to that shown by sample 1 and sample 2 in both the as-grown and oxygen over-doped stat

The latter contributes to a standard M-H loop without PE, but only having a central pe

H=0. A combined contribution from both components is schematically shown in Fig. 2.10.
The unusual PE can form just by adding both contributions linearly.

2.4. Characterisation of the peak effect
2.4.1. Strength of the peak effect

According to the strength of the peak effect defined by AM ma / AM „*, as is used for

10] (as illustrated in Fig.2.11), the strength of the peak effect in the Pb-doped Bi-221
was cktermined as shown in Fig. 2.12.

M

Fig. 111.I^itimofcharacteristkfiMH^ard^
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(solid line) and under-doping, (as-grown, open circles) and for asgrown sample lfdotted li

comparison, the strength ofPE in apure Bi-2212 single crystal is also shown (closed circl

It can be seen that the strength of PE in sample 2 with oxygen over-doping is larger than
as-grown state over a wide temperature range 02 < T/Tc < 07. The as-grown sample 1 has

similar strength values (all above 1.0) but the temperature range is narrower than for sa
The annealed sample 2 shows a strong peak effect with maximum values of AMmax /AM mb

close to 1.8 over a wide temperature range. For a comparison, the strength of a typical p

effect in pure Bi-2212 single crystal was also plotted in the same figure and is illustra

closed squares. It is surprising that the strength of the pure 2212 crystal is higher tha
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Pb-doped crystals with a maximum AMmax /AM min value of 2.2. This means that the AM at

the peak position (Hmax) is much larger than at Hmin where AM is at a minimum However, it

should be noted that the M at Hmax is always larger than for the first peak for sample 2,
whether it is oxygen over-doped or slighdy under-doped (as-grown state). In contrast, the

secondary peak is smaller than the main peak in the M-H loop in some pure Bi-2212 crystal

shown in Chapter 3. This is another significant difference in the peak effect between Pband undoped Bi-2212 crystals. It is known that the vortex behaviour around the secondary

peak field range is totally different from that in the centre peak range (see Chapter 1 i
The minimum point of M at Hnb and M at Hmax in the M-H loop represent the transition of

flux pinning from the background situation to the peak effect or represents a change in v

behaviour. In some cases, AM at the secondary peak is much larger than at Hmin, but it is

smaller than for the central peak (see Chapter 5). This means that the peak effect is not
strong. Therefore, it is more reasonable to define the strength of the peak effect by
AMmax/AMo. The newly defined strength of the peak effect in Pb-doped Bi-2212 crystals is
given in Fig. 2.13.

By this cfefinition, it is clearly seen that the strength of the peak effect in the Pb-do

from strong to weak is in the order: over-doping, as-grown sample 2 and sample 1 (as-grow

The relative pinning strength for the peak field and background can be expressed in a plo

AMmax /AMo vs. T/Tc. As will be shown in later chapters, AMmax /AMo can be used to define
the strength of the PE in other types of Bi-2212 crystal showing PE with a peak at H max
is lower than at H=0.
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the strength ofPE in apure Bi-2212 single crystal is also shown (closed circles)

2.4.2. Novel characterisation of the peak effect

The peak position, Hpeak, as a function of temperature is commonly used in discussion of the

peak effect. As shown in Fig.2.8, Hpeak vs T/Tc, the values of Hpeak increase with decreasin

temperature. There is published work on the peak effect in pure Bi-2212 crystals, where Hpea
remained constant over a particular temperature range (e.g. 02 < T/Tc < 0.45), or reached a
maximum value at a certain temperature and then decreased as the temperature was reduced as
has been observed in iodine or oxygen over-doped Bi-2212 single crystals [11]. It should be
noted that in most cases, it is difficult to determine Hpeak from a M-H loop with a plateau
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where the peak effect can not be clearly seen. Furthermore, Hmin also shifts as the tempera
changes, e.g. Hmin increases with decreasing temperature in Y-123 [10]. Based on the above
considerations, we suggest a new method to characterise the peak effect in a clear manner.

We have used (FW-Hmin)/ FW vs T/Tc to characterise the peak effect. As shown in a
schematic figure for a typical peak effect (Fig.2.11), the new characterisation method has

clearer physical significance. Firstly, if Hpeak =Hmb, i.e. the peak position at Hmax overl

the minimum position at Hmin, this indicates the disappearance of the peak. By extrapolatin
AH/Hmax down to the temperature axis in the plot of AH/Hmax vs T/Tc, the temperature
where the peak effect disappears can be accurately determined Secondly, the slope in

AH/Hmax vs T/Tc represents the rate at which the secondary peak appears or disappears as a
function of temperature change. In other words, the slope represents the rate of formation
elimination of effective pinning centres contributing to the peak effect, with respect to

background pinning at Hmin. Thirdly, AH/Hmax vs T/Tc can well describe the evolution of the
secondary peak as a function of temperature. Large values of AH/Hmax imply that the peak

effect can persist at relatively high magnetic field. Small values imply that the peak eff
only be present at fields close to Hmin (or relatively small fields). As has been shown in

last section, we use AMmax /AMo or AMmax /AMmin to define the relative pinning strength fo
the field at rU with respect to the field at Hmin or the background.

By plotting AH/Hmax vs T/Tc, the peak effect of Pb doped Bi-2212 crystals has been
characterised as shown in Fig. 2.14. This plot clearly shows the temperature ranges where
peak effect begins and ends. At the beginning of the appearance of the secondary peak, the

_
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values of AFI/FLax increased very rapidly, then reached a certain value and remained

over a very wide temperature range, and finally, decreased and disappeared rapidly. T

to say that the relative distances between Hmax and Hmin are very small at the beginn

the end of the peak effect and remain constant over a moderate temperature range. Thi

that the effective pinning centres contributing to the secondary peak relative to the
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Fig. 2.14. AH/H^

is T/Tc in Pbdoped, pure Bi-2212 crystals and melt textured Y-123 sampl

the peak effect Dotted line: sample 1 (asgrown). Open circle: sample 2 (asgrown). Soli
annealing at 550 ° Cfor 10 h in air. Closed squares represents a pure Bi-2212 single

triangks:Y-123 after oxygen annealing. Closed triangks:Y-123 before oxygen annealing.
wereextractedfrom Ref.[10].
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Hmin gradually became stronger and remained at their maximum level until decreasing at a
temperature close to Tc. All the Pb-doped crystals showed similar features with the only
difference being in the magnitude of AH/FW.

For sample 2, the values of AH/Hmax for the oxygen over-doped sample were larger than for

the as-grown samples. In comparison, a typical peak effect observed in a Y-123 melt textu
sample before and after oxygen annealing [10] was also characterised using the same plot

AH/Hmax vs T/Tc and this is shown in the two curves with triangles in Fig. 2.14. It can b

seen that the peak effect for Y-123 in different oxygen doping states behaves the same as
Pb-doped Bi-2212 crystals.

Interestingly, the values of AH/Hmax and the slope of AH/Hmax for Pb-doped Bi-2212 is eve

larger than in Y-123, although the absolute value of Hmax in Pb-doped 2212 is much smalle

than the Y-123. This should not be surprising, because it only implies that the peak effe

the Pb-doped crystals occurs at a relatively larger magnetic field than in Y-123. From th
similar behaviour of AH/FW vs T/Tc for both Y-123 and Pb-doped Bi-2212, it seems that

the origin of the peak effect and the dependence of factors (such as the position of Finn

FW) on temperature may also be similar for both crystals. This similarity is indeed shown
Fig. 2.15(a). It can be seen that both crystals exhibited similar behaviour in FW vs T/Tc
FW vs T/Tc. Hmax and FW increase with decreasing temperature, with the only difference
being in the absolute value of FW or FW. To show the comparison with pure Bi-2212

crystals, AH/FW vs T/Tc was also plotted, as is shown in Fig. 2.15(b). For the pure Bi-221

crystals, FW also increases with decreasing temperature, which is the same behaviour as i

seen in both Y-123 and Pb-doped 2212 crystals. However, it is surprising that FW decrease
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with decreasing temperature, the exact opposite of what is seen in F W vs T/Tc. This may

indicate that the behaviour or the origin of the peak effect are different in pure Bi-

doped 2212 and Y-123. This possibility is also reflected in the plot of AH/FW vs T/Tc f
pure Bi-2212 crystals. As shown in Fig. 2.14, AH/FW only decreases monotonically with
increasing temperature, in contrast to the situation for Pb-doped Bi-2212 and Y-123.
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Fig.2.15. (a) AH/H^

T/T

vs T/TcforPbdoped Bi-2212 and Y-123. The legend is the same as in Fig

(b) AH/H^ is T/Tc for two high quality pure Bi-2212 single crystals grown by the selfmethod
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2.5. Microstructures or defects as a possible source for strong pinning and the peak
effect

It has been commonly accepted that the oxygen distribution and content are the key factors
responsible for the peak effect in high quality pure Y-123 and Bi-2212 single crystals.

However, other crystal defects have been proposed as the source of the peak effect, such as

twin boundaries, two dimensional dislocation networks, and nanometer size secondary particl

inclusions (see Chapter 1). It has been suggested that there are two possible causes for th
strong flux pinning and peak effect in Pb-doped Bi-2212 single crystals. The first is the

presence of Pb-rich strips in the matrix of 2212 as determined by TEM [6]. It is possible t

the Pb-rich strips act as effective pinning centres. The second possibility is that the lar
decrease in anisotropy which is indicated by the large reduction of resistivity along the
[12] makes the vortices couple strongly through an enhanced Josephson coupling. Based on
the following discussion, we suggest that both explanations for the enhancement of flux
pinning and the peak effect are valid.

2.5.1. A possible mechanism for the reduction of anisotropy caused by Bi5+ with
increasing oxygen content in pure Bi-2212

We first discuss the reduction of anisotropy caused by a higher oxygen content in pure Bi2212. As is well known, oxygen content is one of the factors controlling the anisotropy of

resistivity along the c-axis. In Y-123, oxygen over-doping will reduce the anisotropy, bec

the Y-123 structure, introducing more oxygen leads to the reduction of the c lattice parame
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and in turn decreases the distance between the CuC>2 planes. Interestingly, the role of t
oxygen in controlling the anisotropy in Bi-2212 is similar to that in Y-123. It has been

reported that the resistivity along the c-axis is reduced upon the introduction of more o

into the 2212 structure. As shown in a plot of pc vs temperature (Fig. 3.14 in the next ch
pc decreases from a situation of oxygen under-doping, through optimum doping to oxygen

over-doping in high quality Bi-2212 single crystals. At the same time, the c-parameter ha
observed to decrease with increasing oxygen in 2212 [13] . We have noted from studies of

valence states in Bi-2212 sample with different oxygen content [13-18] that the average v

of Bi is actually larger than 3+ and increases with increasing oxygen content. It has bee

that Bi takes on values of 3+ and 5+ [15, 18]. More oxygen increases the proportion of Bi5

[13]. It should be noted that the ionic radius of Bi5* is only 0.9 A, which is much smalle
that of Bi3* (1.10A). It is apparent that the existence of Bi5-1- would cause the reduction
parameter. Therefore, it should be reasonable to consider the reduction of anisotropy in
of the ionic radius of different valence states at the Bi position. Anisotropy reduction
of Pb doping into 2212 will be discussed in the section below.

2.5.2. Further anisotropy reduction associated with Pb *+ incorporation in Bi-2212

As is well known, Pb dopants occupy the Bi site in the unit cell. In the studies of valen

of Pb and Bi in Bi-2212, it has been determined that Pb has a valance of 4+ rather than 2

[15,18]. It should be noted that the ionic radius of Pb4* is 0.79 A, which is much smaller
that of Bi3* (1.10 A). The c-parameter of the 2212 unit cells should thus further reduced

doping. Therefore, it is expected that the anisotropy should be decreased due to the shor

of the c parameter. The heavier the Pb doping, the shorter the average c axis. This has be
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indeed confirmed by the reduction of pc in heavily Pb doped Bi-2212 crystals [12]. With

increasing oxygen content, some of the Bi *• changes to Bi5*. This causes further reduction

in the average of the c parameter and in turn enhances the interplane coupling. Therefore,
doped Bi-2212 with oxygen over-doping has stronger flux pinning than for optimum oxygen
doping or for under-doping. According to the Kim model [19], the irreversibility field is

inversely proportional to the c parameter as expressed by the interplane distance dc and p

Fin- oc l/(pc x dc). A significant reduction of pc and dc would cause the enhancement of H

This view has been supported by the high tin- line observed in Pb doped Bi-2212 compared t
what is seen without Pb doping.

2.5.3. Possible crystal defects or microstructures responsible for the PE

With regard to the microstructures responsible for the peak effect, the unit cell distorti
caused by the occupation of Bi3* sites by the smaller size ions Bi5* or Pb4* should be

emphasised. As we have pointed out before, the ionic radius of Pb4* is much smaller than th
of Bi3*. Once Pb4* occupies the position of Bi3*, the unit cell will be distorted due to the

mismatch of the ionic size. There is also a possibility that there are clusters of unit ce

are richer in Pb than other surrounding unit cells, as has been shown by the presence of P
rich 2212 strips [6] or Pb rich clusters in the matrix of Pb-poor 2212 [20]. It should be

that the unit cells in the Pb rich regions are shorter and more distorted than in other Pb

or free unit cells found in the matrix. A schematic digram (Fig. 2.16) shows two different

of region in the (100) plane. The dark regions represent the unit cells rich in Pb, and th

background indicates Pb-poor and Pb-free regions. These regions were indeed observed in Pb
doped Bi-2212 single crystals and polycrystalline samples [20]. The dimensions of these
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clusters were determined to be o n a nanometer scale, 10-50 n m It is expected that the
interlayer coupling between the pancake vortices is strong in the dark regions due to the
interlayer coupling caused by the shortening of the c-axis, while the interlayer coupling

in the matrix. The vortex behaviour with respect to fields and temperature in these two re
is certainly different. Also, a collective pinning would be expected due to the individual

pinning centers arising from the presence of Bi5* and Pb4*. At low temperatures (below 20 K
for example), the flux lines in both regions are all coupled strongly in a 3D manner. When

temperature or field increases, the vortices in the matrix start to decouple and become 2D.
However, the vortices in the dark regions are still coupled

*

*

(101)

%

2 M Oasfer waabk Zfcwfe regvomandbackgroundare respectively rioh andpoor in Ptf\ Pb4*' orB?

rich2212unitcells. Withincreasing oxygen content, thedark regionsexpandduetoon increasein B
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because of stronger inter-layer coupling in these regions and remain 3D. Upon further

increases in the field and temperature, the matrix regions may change over to the normal sta

while the dark regions still remain in the vortex coupled state and possibly make the trans
from 3D to 2D. The 2D vortices would be pinned effectively even at high temperature due to

the strong pinning effect in the Pb rich 2212 cells. It has been proposed that flux lines ca

pinned more effectively at the boundary between a normal region and a dark region [7], even
at high temperatures. After annealing at a moderate temperature which allows the re-

distribution of Bi5* and Pb4*, these ions would be uniformly distributed in the matrix, at le
in some local areas, and would cause more dark regions with a homogeneous distribution as
shown in Fig. 2.16(b). If the density of this homogeneous distribution of Pb matches the

density of the vortices at a particular field, the flux could be more effectively pinned in

regions, which would in turn lead to an overall increase in flux pinning or enhancement of t

peak effect. Meanwhile, the anisotropy deceases further as the oxygen over-doping increases,

probably causing the flux lines to be even more effectively pinned. This may explain why Pb
doped Bi-2212 crystals have a very strong peak effect which can persist up to Tc.

2.6. Possible vortex characteristics responsible for the peak effect

It has been suggested that the edge barrier, order-disorder transition, dimensional crossove
matching effect, and sample inhomogeneity are possible mechanisms for the appearance of the
peak effect. A common feature of the strong peak effect in Y-123 is that the peak field is

temperature dependent and increases to higher fields with decreasing temperature. In additio
the PE in Y-123 is almost sample independent. The peak effect in pure Bi-based compounds
is stricdy sample dependent and for Bi-2212 can only be observed in single crystals. Unlike
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123, Bi-2212 crystals showing the peak effect do not exhibit consistent behaviour in the

vs temperature characteristic, as was shown in Chapter 1. According to the matching effec
mechanism in pure 2212 crystals, the peak is temperature independent, remaining constant

over a wide temperature range. However, some workers have reported that the peak fields i
pure Bi-2212 go up with decreasing temperature until they reach a maximum and then go

down as the temperature continues to decrease as was discussed in Chapter 1. In the prese

study, the peak effect in Pb doped 2212 crystals seems totally different from that in pur

crystals. From Fig. 2.15 (FW vs T/Tc), it is clear that the peak field is typically tempera

dependent and increases with decreasing temperature over the entire temperature range whe

PE exists. This is in good agreement with what has been previously observed in heavily Pb

doped Bi-2212 single crystals. Furthermore, as revealed in Fig. 2.14, the behaviour of AF
as a function of T/Tc is the same for both Pb-doped Bi-2212 and Y-123. It seems that the

mechanism and the behaviours of the flux pinning responsible for the peak effect in Pb-do
Bi-2212 might be same as in Y-123. The nature of the vortices around the peak region is
currently being studied using the collective pinning model. The results will be reported
later date.

2.7. Conclusions

In contrast to the weak peak effect in pure single crystals, Pb-doped crystals show a ver

strong peak effect over a very wide temperature range from 20 K up to Tc. The peak field,

Hpeak, can be as high as 0.4 Tesla. Oxygen over-doping enhances the peak effect more than

under-doped or as-grown crystals. The critical current density Jc in Pb doped Bi-2212 cry
is found to be two orders of magnitude larger than in undoped crystals.
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AMmax/Mo vs T/Tc and (FW-H mb)/ H max vs T/Tc have been ere proposed to characterise

the peak effect. AMmax and AMo represent the width of the hysteresis loop at the secondar

peak (H max) and the centre peak (Ho) (H=0). FW represents the field where the magnetisati

starts to increase. The new characterisation method has a clear physical significance. Fir

Flpeak=Hmin, i.e. the peak position at FW overlaps with the minimiim position at FW, this
indicates the disappearance of the peak. By extrapolating AH/FW down to the temperature

axis in the plot of AH/FW vs T/Tc, the temperature where the peak effect disappears can be
accurately determined. Secondly, the slope in AF1/FW vs T/Tc represents the rate at which
the secondary peak appears or disappears with temperature. In other words, the slope

represents the rate of formation and elimination of effective pinning centres contributin
the peak effect with respect to the background pinning at FW. Thirdly, AFI/FW vs T/Tc can

well describe the evolution of the secondary peak as a function of temperature. Large val
AFf/FWc imply that the peak effect can persist at relatively high magnetic fields. Small
imply that the peak effect can only be present at fields close to FW (or relatively small
AMmax /AMo defines the relative pinning strength for the field at FW and zero background

field.

Using this novel characterisation method, AMmax/Mo vs T/Tc and (FW-H min)/ H max vs T/Tc

a comparison study of the peak effect was done for pure and Pb-doped Bi-2212 crystals and
Y-123 samples. Results showed that the peak effect in Pb-doped Bi-2212 as measured by
(FW-H min)/ H max vs T/Tc shows the same behaviour as in Y-123. For Pb-doped Bi-2212

crystals, the values of AH/FW increased very sharply up to a certain value, remained const

over a very wide temperature range, and finally, decreased and disappeared rapidly. AH/FW
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only decreases monotonically with increasing temperature within a very narrow temperature
range for pure Bi-2212 crystals.

Possible clusters of Bi5* and Pb4* units in the Bi3* 2212 matrix clusters could caus

of the units and reduction of the c parameter, thus introducing strong pinning cen
enhancing the vortex coupling along (001).

2.8. References:

1. G. Villard, D. Pelloquin, A. Maignan, and A. Wahl, Appl. Phys. Lett, 69 (1996) 1
2. R Noetzel and K. Westerholt, Phys. Rev. B, 58 (1998) 15108.
3. R Noetzel, B. Vomhedt, and K. Westerholt, Physica C, 260 (1996) 290.
4. S. Ooi, T. Shibauchi, and T. Tamegai, Physica C, 302 (1998) 339.
5. Y. Yamaguchi, K. Oka, and Z.G. Zou, Proceedings of the 9th International
Symposium on Superconduaivity, Sapporo, Advances in Superconduaivity DC,
Springer-Verlag Tokoyo, 1996, p236

6. L Chong, Z. Hiroi, M. Izumi, J. Shimoyama, Y. Nakayama, K. Kishio, T. Terashima,
Bando, and M. Takano, Science, 276 (1997) 770.
7. J. Shimoyama, Y. Nakayama, K. Kitazawa, K. Kishio, Z. Hiroi, I. Chong, and M
Takano, Physica C, 281 (1997) 69.
8. SX Dou, P. Mihkeenko, XL. Wang, HX Liu, high-temperature superconductors,.
Section C, in Royal Soc. of Chem-Annual Reports, Book C, 1997.
9. DX Chen and R.B. Goldfarb, J. Appl. Phys., 66 (1989) 2489.
10. M Reissner and J. Lorenz, Phys. Rev. B, 56 (1997) 6273.

Part II. Chapter 2. Enhancement ofJc and the Peak effect in Pb-doped B2Sr2QtQi2Oy single crystals

11. S. Ooi, T. Shibauchi, and T. Tamegai, Physica C, 302 (1998) 339.

12. K. Kishio, J. Shimoyama, T. Motohashi, H. Kobayashi, Y. Nakayama, K. Ki
preprint.

13. PH. Duvigneaud, C. Deboeck, and Y.F. Guo, Superconductor Science & Tec
11 (1998) 116.

14. Z. Akhtar, MJ. Akhtar, and GRA Catiow, . Journal of Materials Chemistr
1081.

15. C.S. Gopinath, S. Subramanian, M Huth, and H Adrian, Journal of Electro
Spectroscopy & Related Phenomena, 70 (1994) 61.

16. P. Srivastava, NL. Saini, B.R. Sekhar, and K.B. Garg, Materials Science
B-Solid State Materials for Advanced Technology, 22 (1994) 217.

17. P. Srivastava, NL. Saini, B.R Sekhar, and K.B. Garg, Journal of Physics
of Solids, 55 (1994) 49.

18. K. Watanabe, M Ishikawa, S. Ookubo, and M Itagaki, Analytical Sciences,
213.

19. DH. Kim, K.E. Gray, RT. Kampwirth, J.C. Smith, D.S. Richeson, T.J. Mark
Kang, J. Talvacchio, andM. Eddy, Physica C, 177 (1991) 431.
20. AX. Crossley, YH. Li, AD. Capjin, and JX. MacManus-Driscoll, Physica C
(1999) 12.

125

Pan 2. Chapter 3. Peak effect in pure Bi-2212 single crystals grown by 2D growth mechanism

Chapter 3. The peak effect in pure Bi-2212 single crystals grown
by 2D growth mechanism

3.1. Introduction

As we have discussed in Chapter 1, the peak effect in pure Bi-2212 crystals is sample
dependent. Most PE in Bi-2212 crystals are found either in an oxygen over-doped or

optimally doped state. This certainly implies that the PE is sensitive to the oxygen conte
Bi-2212 crystals. However, the origin of the PE associated with the oxygen is not well

understood. In particular, the question of why PE is absent in the oxygen under-doped stat

still not answered. In this chapter, the PE in high quality pure Bi-2212 single crystal gr
2D growth mechanism is investigated in detail with respect to the correlation between the
oxygen doping state and the appearance or absence of the PE.

3.2. Experimental

3.2.1.Crystal growth

The crystals used for the experiments were grown by using a self-flux method. The nominal

composition of the starting materials is Bi-, Sr-, and Ca- enriched with respect to standa
2212 stoichiometry. High purity 99.9% starting compounds of B12O3, PbO, SrC03, CaCXh,

and CuO were well mixed in the atomic ratios Bi:SnCa:Cu=4:4:2:2. About 50 g of the mixture

were put into an AI2Q3 crucible. A box furnace was used for the crystal growth. The crucib
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was put in an appropriate position inside the furnace, where a natural temperature gradient

forms along the crucible. The temperature profile for the crystal growth is schematically s
in Fig. 2.1 in Chapter 2. The solid line shows the optimum conditions for pure 2212 growth.
After crystal growth, the crucible was broken mechanically. Crystals could be obtained by
simply cleaving the as-grown bulk crystals.

The structure and microstructure were analysed by X-ray diffraction, Energy Dispersive
Analysis, and Transmission Electron Microscopy. Flux pinning properties and the peak effect
were characterised by a Quantum Design™ Physical Property Measurement System (PPMS), .
The transition temperature Tc for each state was checked by ax. susceptibility measurements.

3.2.2. Annealing treatment

In order to investigate the effects of annealing or oxygen doping levels on the peak effect, as
grown crystals were annealed at different temperatures in air and cooled down to room
temperature at different cooling rates or different quenching after each annealing. The

temperature profile of the different parts of the annealing treatment is schematically show

Fig. 3.1. The as-grown crystals were first annealed (step 1) at 550 °C for 20 hours in air (Fig
3.1(a)) to obtain homogeneity of oxygen distribution and optimum doping. The crystals were
then annealed repeatedly at 800 °C for 2 h in air with different cooling rates from step 2 to
step 4. In the final processing, the crystal were annealed at 825 °C for 2 hours with air
quenching (step 5). It was expected that the oxygen doping level and distribution would be
influenced by the different steps in the annealing treatment.
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825 °C

550 °C

Fig.3.1. Temperature profileforthe annealing steps with different cooling rates. 1. The rate of h

cooling is 60 ° C/h; 2: First 800 °Cannedingfollowxl by furnace cooling;3:second800 °Cannealin

by furnace oooling with door open; 4: Third 800 °C annealingfohwed by room temperature quechin
Final 825 "Canrtealingfollowedbyroomtemperatu^

3.2.3. Measurement

T h e peak effect w a s characterised by measuring magnetisation hysteresis loops ( M - H ) . T h e M H loops were recorded over a wide range of temperatures and magnetic fields. Irreversibility
lines of samples after different annealing steps were also determined by measuring ac

susceptibility in different fields. Anisotropy of resistivity along the ab and c directions wa
measured for crystals with different oxygen doping levels ranging from under-doping, through
optimum doping, to overdoping. For a consistent result, all the magnetic measurements on M-

Par; 2. Chapter 3 Peakeffect in pure Bi-2212 single crystals grown by 2D growth mechanism

H loops, Tc, and irreversibility lines were carried out on the same sample after each step i
annealing processing.

3.3. Results

3.3.1. Annealing effect on transition temperatures

As is clearly shown in Fig.3.2 (a), for the as-grown state, the sample has a very low Tc of

with a very wide transition width of 15 K, indicating that the sample is oxygen under-doped

with the oxygen poorly distributed. The Tc of the sample first increased to 83 K with a ver

sharp transition after step 1 and 2 annealing, and was further increased to 88 K after step

and 4, and finally decreased to about 84 K after step 5 (see Fig. 3.2(b)). This strongly ind

that the oxygen doping state varies from strongly under-doped, through slighdy oxygen under
doped and optimally doped to slighdy over-doped [1] as the sample passes from the as-grown

state through annealing steps 1 to 5. Bi-2212 crystal tends to absorb oxygen if the anneali
at a low temperature of approximately 500 °C. Annealing at high temperatures above 800 °C
can cause oxygen loss from Bi-2212 crystals and leads to oxygen inhomogenity [1-4] in some
local areas of crystals, which could be macroscopic or microscopic depending upon the

temperature and annealing time. This is in good agreement with the annealing results report
for pure Bi-2212 single crystals [1].

The inhomogeneity caused by the high temperature annealing with quenching is evidenced by

the wide transition width for steps 3-5. However, the main part of transition remains still

very sharp, about 3K. The sharp transition and slight inhomogenity influences the peak effe
in pure 2212 crystals as will be discussed in later sections.
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3.3.2. Peak effect

3.3.2.1. Effects of annealing on the peak effect

For the as-grown state and for each annealing step 1-5, the magnetisation hysteresis loop
recorded over a temperature range between 20 and 45 K in fields up to 1 T as shown in

Figs.3.3 to 3.7. For the as-grown state, no anomalous peak was observed in the M-H loop o

a wide temperature range from 15 to 50 K. As illustrated in Fig. 3.3(a), the measurement s
a standard M-H loop with only one peak at the central position where Hdc=0. After step 1

annealing, a typical peak effect can easily be seen from 20 to 40 K, as revealed by the o

circle curve in the following figures. The temperature range for the appearance of the pe

effect is almost the same as that previously observed in high quality Bi-2212 single crys

6]. After annealing at the high temperature of 800 °C, the peak effect gradually became w

The peak effect disappears for temperatures T< 20 K and T > 35 K and the peak can only be

observed at 25 and 30 K after steps 3 to 5. Furthermore, for steps 3-5, magnetisation val
become larger at low fields (around the central peak) and lower at high fields than that

as-grown samples for temperatures below 35 K. This implies that the first peak and second
peak are both sensitive to the annealing or oxygen distribution and content [5].
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3.4. Characterisation of the peak effect

In order to clearly characterise the peak effect, w e define AMn*x/ A M o or A M ™ /

AMM„

versus T/Tc as the strength of the peak effect. AH/FW vs T/Tc, i.e. (FW-H^/FW vs

T/Tc is defined as the portion of vortices contributing to the peak field regions, as h
been proposed in the last chapter. See Chapter 2 for details.
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Fig. 3.10 shows Hmax or ririn as a function of temperature. W e can see that H max increases

with decreasing temperature, which is in agreement with what has been reported observed
Y-123 or Bi-2212. However, Hmin decreases with decreasing temperature in contrast to H

vs T/Tc Hmax takes on values between 600 and 800 Oe after step 1 treatment. This is red

significantly to 300 Oe for steps 3 and 5, indicating a weak pinning around the peak re

In AMmax/ AMmb versus T/Tc as shown in Fig. 3. 10, AMmax/ AMmin increased from 1.0 to a

maximum value of 2.5 at about T/Tc=0.35 and then decreased for all the steps from 1 to 5
This means that AM at the peak field is much larger than at H min. However, if we look
AMmax/ AMo versus T/Tc, after step 1, AMmax/ AMo reaches a

O
c

O

1

.CD.

0.25

0.30

0.35

0.40

0.45

T/T

Fig.3.9. H^ or H^ asafunction of temperature after step l(circle), step 3(square) andstep 5(t
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Fig. 3.10. AM^y

AMm

and AM^/

AM0 versus T/Tc after step l(circle), step 3(square) a

triangle). The dotted line was estimatedfrom M-H loops.

m a x i m u m of about 1-1.2 at T/T c =0.30 and then decreases to below 0.5. After steps 3 and 5,
AMmax/ A M o decreases rather than increases over the same temperature range between 0.30
and 0.35 where AMmax/ A M m b increases. Since the A M H = O represents the m a x i m u m Jc from
the background pinning, AMmax/ A M H = O indicates the ratio of the pinning strength
contributing to the secondary peak region with respect to the pinning in the background
region. Therefore, the increase of AMmax/ A M M H from 0.3 to 0.35 actually shows the decrease
of the background pinning at Hmin after steps 3 to 5. This is in agreement with the significant
decrease of A M at H = 0 from stepl to step 5. The decrease of AMmax/ A M o after steps 3 and 5
indicates the decrease of pinning strength in the peak region compared with the situation after
137
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step 1. A t the same time, the pinning strength at the peak region is also lower than that in the
background at H=0 after both step 3 and 5.

From Fig. 3.9, Hmax is significantly decreased after steps 3 and 5 compared with after st
This means that the peak effect becomes progressively weaker from step 1 through steps 3
5. Therefore, we can see that annealing at high temperature causes the weakening of the
pinning.

0.25

0.30

0.35

0.40

0.45

T/T.

Fig.3.12.

versus T/T for step 1 (circle), step 3 (square) and step 5 (triangle)

AH/HM^

In the plot of A F U x / H u a x versus T / T c (Fig.3.11), with increasing temperature, the peak

position moves gradually closer to the position of Hmin after steps 1 and 3. This clearly

indicates that the effective pinning contributing to the peak region decreases gradually
finally fades out until Hmax = Huh. This monotonic decrease in AH/Hpeak is significanuy

different from what is seen in Y-123 and Pb-doped Bi-2212 crystals, where it increases to
-

-

-

B 8
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maximum and then decreases (see Chapter 2). This indicates that the evolution of the peak
effect in pure Bi-2212 crystal is very different from that in Pb-doped Bi-2212 crystals.

3.5. Discussions

3.5.1. Anisotropy controlled interlayer coupling

In order to examine the reduction of the pinning strength in both the background and the
peak effect region, the irreversibility fields of the sample after the different annealing

5 were determined from the real part of the ax. susceptibility. The results are shown in Fi
3.12. It was found that the as-grown crystal has the lowest irreversibility line (IL). The

shifts to high fields and high temperatures after step 1 annealing and progressively shifts

to low fields and temperatures after further annealing at high temperatures between steps 2

and 5. This means that the inter-layer coupling is likely to be small for the as-grown stat
after steps 3 and 5 because there is oxygen under-doping in contrast to the oxygen overdoping after step 1. According to the Kim model for the IL [7], Ftir^l/pcXdc, where pc and
are the resistivity and distance between CuO planes along c, the decrease in the IL should

due to the increase of the anisotropy. This is supported by results indicating increasing p
high quality Bi-2212 crystals with different oxygen doping states ranging from over-doping
through optimal doping to under-doping as shown in Fig. 3.13. Therefore, dc becomes larger
on the removal of oxygen from the over-doped or optimally doped state.

139

i>„.-i
7 f< thipter i. Peak effect in pure Bi-2212 single crystals grown by 2D growth mechanism
( 2.
Pro

8 -

- o — Step 1
-•— step 3
• step 5

6 as
(0

\- 4

0.25

0.30

0.40

0.35

0.45

T/TC

Kg. 3. TL Irre^eysMity line for different annealingsteps

-1"

I

I

I

|

T "

i

|

i

r — i — i — i — • — i — • — i — r

30
o

20

u
a
10

50

l\

in100

_J

150

L _ l

200

I

1 — 1

1

250

1

1

1-

300

UK]
Fig.3.13. Temperature dependence of p,
doping(dottedddsh line).

and aver-

Part 2. (. hapter 3. Peak effect in pure Bi-2212 single crystals grown by 2D growth mechanism

This is in good agreement with observations of c expansion in Bi-2212 w h e n oxygen is

removed from unit cells. Therefore, a reduction in background pinning is expected, due t

weak interlayer coupling arising from the larger anisotropy caused by the decrease of ox
content between steps 1 and 5.

3.5.2. Possible microstructures responsible for the peak effect

Now let us discuss the weakening of the peak effect when a sample becomes more oxygen
under-doped We must first understand why the anisotropy changes with changing oxygen

content in terms of the microstructure variations. In studies of the valence state of B

2212, it has been determined that the Bi takes on a valence of 3+ and 5+ with an average

valence of 3.15 [8, 9]. Therefore, it was proposed that there is extra oxygen in the B1O
It has been generally accepted for a decade that Bi-2212 has an oxygen vacancy, similar
oxygen vacancy in Y-123. However, the oxygen is 8+8 in Bi-2212. If 8=0, Bi takes on a
valence of 3+ and in this case Bi-2212 is an insulator. Therefore, if the valence of Bi

than 3, there should be no oxygen vacancies in the Bi-2212. Instead, some of the Bi* ion

change to 5+ in order to compensate for the extra oxygen. It should be noted that the io

radius of Bi5+ is 0.9 A which is much smaller than that of Bi* (1.10 4 The c-parameter o
the 2212 phase should be reduced by introducing more Bi* through more oxygen doping.

Therefore, it is expected that the anisotropy decrease due to the shortening of the c la

parameter. The more Bi* or oxygen doping, the shorter of the c axis. Tnis has in fact be
confirmed by the reduction of pc with the oxygen content changing from under-doping to

over-doping as shown in Fig. 3.14. The change in oxygen content would cause the reductio

the f. parameter and in turn enhance the interplane coupling. Therefore, Bi-2212 with oxy
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over-doping has a stronger flux than at the oxygen optimum or for the under-doped state,
because the irreversibility field is inversely proportional to the c parameter and p c , i.e., Hn- <*
l/(pc x dc). The significant reduction of pc and dc would cause the enhancement of Hin-.

In considering the microstructures responsible for the peak effect, unit cell distortion c
by the small size of the B i * ion needs to be emphasized. A s has been pointed out above, the
ionic radius of B i * is m u c h smaller than that of Bi 3+ . O n c e B i * changes to 5 + , the unit cells
will distort due to the large mismatch of ionic size. There is a possibility that the B i * is present
either in individual cells or in a whole cluster of unit cells which is richer in B i * than
surrounding areas. It should be noted that the unit cells in the B i * rich regions are shorter
and m o r e distorted than in other matrix regions where the unit cells m o s d y contain Bi*.
Fig.3.14 (a) and (b) show two such different types of region in schematic form. Dark regions
represent the unit cells rich in B i * , and the background B i * -poor regions. It is expected that
the vortices are strongly coupled along the c-axis in the dark regions and in the individual B i *
sites, depending upon temperature and the magnitude of the magnetic field. A t the same time,
the vortices are weakly coupled in the matrix and behave in a different way. A t very b w
temperatures, the vortices in both regions are all coupled strongly in a 3 D manner. W h e n the
temperature or field increases, the vortices in the matrix start to decouple. A s the distortion
caused by B i * is smaller than that caused by Pb**, the pinning potential formed by B i * alone
is small compared with that due to Pb«+ ions (as discussed in the last chapter). Such unit cell
distortion with B i * induced pinning is only effective over a particular temperature range and
particular fields, depending o n the amount of B i * in the crystal. Therefore the pinning or the
peak effect caused by such distorted unit cells is m u c h weaker than that caused by Pb-doping
in Bi-2212 crystals. After annealing at a moderate temperature which allows the re-clistribution
—

'
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of B i * , the B i * ions would be m o r e uniformly distributed in some local areas in the matrix

and cause more dark regions with a more homogeneous distribution. In this case the flux lin
could be more effectively pinned.

It is naturally expected that a higher content of Bi* will give a higher content of distor

cells in the 2212 matrix, and stronger pinning is thus expected. This is indeed supported b

strongest pinning being in heavily oxygen overdoped 2212 crystals, which exhibited a strong

peak effect up to Tc. It has been reported that clusters which contain several oxygen vacanc

in Y-123 are more effective for flux pinning than individual oxygen vacancies. Similarly, t
accumulation of several unit cells with Bi* would cause more effective pinning in Bi-2212

than the same number of individual Bi* cells. Therefore, it would not be difficult to expla

why the peak effect is absent in the as-grown state and becomes weaker after annealing at h
temperatures.
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Fig.3. 15 shows a model for the formation and decomposition of clusters of B i * unit cells. In

the as-grown state, due to the lower oxygen content, the Bi* ions are rare and distribut

randomly in the Bi3+ 2212 matrix. No peak effect can be observed since no effective pinni

is present to cause it. After long annealing at 550 °C, more Bi* is introduced due to th

increase in oxygen content. Clusters are then formed which are made up of several Bi* un

cells. These clusters act as effective pinning enters for 2D vortices. The peak effect a

the clusters are distributed in an orderly way and form a network, the vortices are more

effectively pinned because of the matching of vortex and cluster networks. High temperat

annealing causes the loss of oxygen (i.e. decrease of Bi*) and migration of Bi*, and lea

the decomposition of clusters and a disorderly distribution with large distances betwee

Increasing Oxygen

• •
• •

•
•

•

ma

EH

•

(110) plane

Decreasing Oxygen

Fig.3.15. Mcdekfbrthfbrmatimanddecomposiaon o/Bi*clusters.
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clusters. This would weaken the pinning and in turn reduce the peak effect. With further
decomposition of clusters due to the reduction of Bi5+ content at high temperatures, there

finally individual Bi* sites in the Bi* 2212 matrix, which is the same as what is found i

as-grown state. Therefore, the PE totally disappears. However, it should be noted that aft

steps 3 and 4 in the annealing process (Fig. 3.1), the a.c. susceptibility shows that the

transition is still very sharp despite the wide shoulder near the onset of the transition
implies that most clusters still maintain an ordered distribution without decomposition.
those near the sample edges have decomposed, because the oxygen easily escapes from the
surface or edge at high temperatures in the case of a short annealing.

3.6. Conclusions

The peak effect in pure Bi-2212 single crystals is very sensitive to the oxygen content a

distribution. It has been found that the peak effect only appears for oxygen optimal dopi

and over-doping and disappears for oxygen under-doping. The peak effect only appears over
narrow temperature range between 20 and 40 K with peak field of 500-1000 Oe. AH/FUK
decreases monotonically with increasing temperature, which is totally different from the
behaviour of Y-123 and Pb-doped 2212 crystals. A model of formation and decomposition of

Bi* rich clusters of 2212 units which is sensitive to the annealing or oxygen content and

distribution has been proposed as responsible for the origin of the peak effect in pure B

crystals. With increasing Bi* content, the c lattice parameter decreases in size resultin
enhancement of coupling along the (OOI) direction or the shifting of the irreversibility

high fields.
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Chapter 4. The Peak effect in Fe-doped Bi-2212 single crystals

4.1. Introduction

In Chapter 2 and 3, we have discussed the PE in Pb-doped and pure Bi-2212 crystals wit

different oxygen doping levels. The main factors influencing the PE are Bi*, and Pb4* c

in pure and Pb-doped crystals. It should be noted that these ions sit in the Bi positio

B1O2 layers and cause distortion and hence enhancement of the coupling between GO2 laye
They actually act as point defects, but not oxygen vacancy point defects such as occur

123. The vortex interaction in HTS has to be considered from the viewpoint of a collec

pinning model which is based on the long range order of the vortex [1], but where rand

point defects act to destroy the large range vortex lattice. It is notable that for hi

HTS single crystals the random point defects might well provide the main source of pin

[1]. It has been generally accepted that the elementary pinning force at a single poin
is very weak. On the other hand, the point defects located in a unit cell might cause

reduction in anisotropy and therefore enhance the Josephson coupling. One of the reaso

for the reduction in anisotropy in Bi-2212 is the presence of oxygen defects or Pb poi

defects in the Bi02 layer [2-4]. It is interesting to note that the point defects in the
layer always kill the superconductivity because point defects on Cu sites destroy the

range order of the Cu interaction. However, since the vortex interaction is also subjec
magnetic coupling [5], ferromagnetic impurities occupying the copper site such as Fe,

al. [6, 7] may enhance the magnetic coupling for vortex interactions and therefore inc
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the pinning. It would be interesting to see if introducing any defects into the C u O plane

affects the flux pinning without causing changes in other planes or in the oxygen conte

this Chapter, we will examine the PE and flux pinning caused by Fe point defects in the

position (in the CuO plane) in Fe doped Bi-2212 single crystals. An enhancement of Jc w

observed at low doping levels. The PE appears for all doping levels less than 2% and pe
to relatively high temperatures.

4.2. Experiment

Fe-doped Bi-2212 crystals were grown by the floating zone method [8]. Four sets of

Bi2.iSri.9Gai.o(Cui-yFey)2Qx crystals with different nominal y values of 0, 0.005, 0.01

0.022 were used for the flux pinning studies. Flux pinning properties and the peak effe
characterised by a Quantum Design™ Physical Property Measurement System (PPMS). The

transition temperature, Tc for each state was checked by ax. susceptibility measurement

4.3. Parameters of samples

As shown in Fig. 4.1, Tc decreases as y increases. However, the transition width is ver

for the y=0 and 0.005 samples and moderate for the y=0.013 and 0.022 samples, indicati
uniform distribution of oxygen or Fe substitution for Cu in the 2212 matrix. Table 4.1

summarised parameters of Fe-doped Bi-2212 single crystal samples used for the investiga
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Table 1. S o m e parameters of samples with the composition BiziSnsCai^Cui-yFey^Qx

TC,K

ATC,K

0.000

88

1.5

Dimensions
axbxc (mm 3 )
1.95x2.10x0.116

0.005

82

1.5

1.30x2.50x0.15

0.013

73

1.45x1.80x0.076

0.022

63

1.25x1.90x0.045

No.
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4.4. Results

4.4.1. M-H loops

Magnetisation hysteresis loops were recorded for samples at the different doping level

temperature range of 20 to 45 K in fields up to 1 T, as shown in Figs.4.3 -4.8. It sho

noted that, although the Tc reduction is significant (from 88 to 63 K) for very small d

levels, the PE appears for all the dopings. For y=0 and 0.005, a typical peak effect ca
seen from 20 to 40 K. This temperature range for the appearance of the peak effect is
agreement with what is observed in high quality pure Bi-2212 single crystals grown by

methods. For y=0.013 and 0.022, the temperatures required for the appearance of PE are
gradually decreased to 20-30 K (22-28 K) while Tc decreases.

4.4.2. Characterisation of the Peak effect

In order to clearly characterise the peak effect, we define AMmax/ AMmO or AMmax/ AMMST
versus T/Tc as the strength of the peak effect. AH/FW vs T/Tc, i.e. (PW-Hrnin)/FW vs

T/Tc represents the relative proportion of vortices contributing to the peak field reg
has already been proposed in previous chapters.

Fig. 4.9 shows FW or FW as a function of temperature. We can see that FW increases wit
decreasing temperature, which is in agreement with observations on Y-123 or Pb-
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Fig.4.10. H^ orH^ as a Junction of normalised temperature T/Tcfor different doping level
the same as in Fig. 4.9.

doped Bi-2212 (see Chapter 2). However, Hmin increases with temperature in contrast to

vs T/Tc. The latter behaves in the same as in pure Bi-2212 crystals, as discussed in t

chapter. Hmax takes on values between 500 and 1000 Oe for the y=0 sample. It is signif

reduced to 200 Oe for samples with y=0.013 and 0.022, indicating weak pinning around t
peak region. However, if we plot FW or FW vs. T/Tc (Fig. 4.10), we find that the peak

appears at a relatively high temperature, although the peak field is smaller than that
undoped sample. Even for y=0.022, the peak persists up to T/Tc=0.45, despite its small
of Tc of 63 K and low peak fields of < 200 Oe.

AMmax/ AM* increased from 1.0 to a maximum value of 2.4 at about T/Tc=0.32 and then

decreased for all samples (Fig. 4.11). This means that A M at the peak field is much l
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at H min. However, if w e look at AMmax/ A M H = O versus T/T c , AMmax/ A M o takes a maximum

of about 2.2 or 2.4 at T/Tc=0.28, or 0.30 for y=0 and 0.005, respectively, and then dec

to 1.6. This behaviour is similar to that seen in pure 2212 single crystals was discu

last chapter. For y=0.013 and 0.022, AMmax/ AMo behaves similarly, but with small value
high temperatures. Since AMo represents the maximum Jc arising from the background
pinning, AMmax/ AMo genuinely indicates the ratio of the pinning strength at the peak

the pinning in the background region. Therefore, in the plot of the AMmax/ AMo, the y=0
0.005 samples still show high values of AMmax/AMo.

0.40

0.45

Fig.4.11. AM^'AM0andtM„J'AM^is T/Tc.

This means that the effective pinning density contributing to the peak region is very high.

However, AMmax/ AMo is very small for the y=0.013 and 0.022 samples indicating that t
pinning strength at the peak is less than in the y=0 and 0.005 samples.
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In the plot of A H / Hmax versus T/Tc shown in Fig. 4.12, the peak position moves close to the

position of FW with increasing temperature. This clearly indicates that the flux pinni

is effective for the peak region weakens gradually and finally fades out until FW =HMn,

indicating that the relative fields where the peak appears in respect to FW drops very
and monotonically with temperature in contrast to what is observed in Pb doped Bi-2212
Y-123. (see Chapter 3).

Fig.4.12. AH/H^

vs T/Tc

F r o m Fig. 4.10, F W is significantly decreased for samples 3 and 4 compared to samples 1 and

2. A large reduction in effective pinning in association with the peak effect was obs

samples 3 and 4. Therefore, it seems that a high level of Fe doping into Cu sites caus
decrease in both pinning strength and densities of pinned vortices.

Part 11. Chapter 4: The Peak effect in Fe-doped Bi-2212 single crystals

It is interesting to note that although the peak field is decreased below 200 Oe, the p

appears at a higher temperature for high Fe doping level than for undoped samples, as is
clearly seen from the plot of FW or FW vs T/Tc (Fig. 4.10). This implies that in the Fe

doped sample, the pinning responsible for the peak effect is effective at elevated tempe

in contrast to undoped crystals where the pinning responsible for the peak ceases to be

effective over the same temperature ranges. It is worth mentioning that the Fe doped cry

were grown under the same atmosphere as the undoped crystals [8], and that the real dop

level is actually very small, less than 2%. This means that the oxygen content should be

similar in all the Fe doped crystals and close to the oxygen content in undoped crystals

Nevertheless, there is a large difference in TC) which may be due to the breaking of lon

ordered Cooper pairs in the CuO plane by Fe magnetic ions. In addition, the transition w

for all the samples are small, indicating a high homogeneity of oxygen distribution insi
samples.

4.5. Possible microstructures responsible for the peak effect.

In considering the microstructures responsible for the peak effect, unit cell distortion

by the small Bi5+ ions needs to be emphasized. As we have pointed out in the last chapter

ionic radius of Bi5+ is much smaller than that of Bi3*, so once Bi3+ changes to 5+, the uni

will distort due to the large mismatch of the ionic size to that of Bi3*. Bi^ ions exist

individual unit cells or in clusters of Bi5+ rich unit cells. It should be noted that the

in the Bi^ rich regions are shorter and more distorted than the BP+ unit cells, which ca
regarded as the matrix. Figs. 3.15(a) and (b) show two such different type of region in
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schematic form. Dark regions represent the unit cells rich in Bi5*, and the background or

matrix is Bi^-poor. It is expected that the flux lines are strongly coupled in the dark re

and in the individual Bi5* sites depending upon the temperature and magnetic field. The flux
lines are weakly coupled in the matrix. The vortex behaviour in response to fields and
temperature in these two regions is certainly different. Collective pinning would also be

expected due to the point pinning centers arising from the individual Bi5* ions. At very low
temperatures, the flux lines in both regions are all coupled strongly in a 3D manner. When
temperature or field goes higher, the vortices in the matrix start to decouple. A detailed

discussion of the microstructure related peak effect due to clusters of Bi5* ions in pure B
2212 crystals has been given in the last chapter.

Although the significant reduction in Tc from 88 to 63 K is accompanied by the reduction of

the peak field for the y=0, and 0.005 samples, this does not imply that the four samples h

large differences in their oxygen content. As has been mentioned before, the oxygen content

for all these samples should be the same since the Fe doping is extremely low, and they we
all grown under the same growth conditions. Therefore, the microstructure of the two types
unit cells is still mainly responsible for the appearance of the PE in the Fe doped 2212.

We now discuss the interactions between the Fe and the two types of unit cell regions.
According to the collective pinning model, the vortices can couple with extended pinning

centers and form a small bundle. Introducing extra interactions into the background pinning

from the Bi5* clusters would improve the vortex coupling. Since Fe is a strong ferromagneti
ion, the vortices would be coupled even more through magnetic
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18000
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0
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[Oe]
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Fig.4.13. Field dependence offfordifferent doping levels at different temperatures. Solid line: Y = 0 , at
20,22,24,26,28,30,40 K. Dot dashed lines: y=0.005, at 20,22,24,26,28,30,35 K. Open circles: y=0.013, at
10,15,20,23,24,26,28,30,33,35 K. Closed circles: y=0.022, at 20,24,26,30,33 K.
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interactions [9] with Fe ions. This would enhance the flux pinning. In principle, more Fe
mean stronger flux pinning. However, because of the strong ferromagnetism of Fe, more Fe

ions incorporated into Cu sites would cancel the supercurrents, which are diamagnetic. In

case, although the pinning is still effective at relatively high temperatures, the total n
vortices contributing to Jc would be small, and Jc therefore becomes low. The above

assumption is indeed supported by calculating Jc vs T/Tc. As shown in Figs. 4.13, and 4.14,

is low for all the Fe doped samples where Jc is plotted as a function of temperature. Howe

Jc is actually enhanced for the y=0.005 sample measured at different fields. This is stron
evidence that Fe point defects are really effective pinning centres in Bi-2212. At higher

levels Jc is decreased as expected. This is likely to be due to the cancellation of superc
by the strong ferromagnetic iron ions, although this needs to be conhrmecl The mechanism
behind the Jc reduction will be investigated in the future.

4.6. Conclusions

It was found that the critical current density Jc increases with Fe doping for doping less

0.5 %. This proves that Fe point defects contribute to the flux pinning. For higher dopin

levels ( >0.5 %), Jc drops significantly. The peak effect appears over a narrow temperatur
range between 20 and 40 K for y up to 2.2%, but with a small peak field of about 200 Oe.

peak effect appearing in all the Fe doped Bi-2212 can be explained by the existence of Bi5

cluster regions in the Bi3* 2212 matrix, because the oxygen content in all the Fe doped sa
is likely to be constant. The secondary peak moves away from the centre peak in a linear
as the temperature increases as indicated by (FW-H min)/ H ^ vs T/Tc, in agreement with
what is found in pure Bi-2212 single crystals.
_

_

_
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Chapter 5. Peak effect in spiral-grown Bi2Sr2CaCu2Oy crystals
5.1. Introduction

In previous chapters, we have discussed the peak effect in Pb, Fe doped and pure Bi-2212
single crystals. All the samples of these crystals were grown by a two dimensional layer-bylayer growth mechanism. A s has been shown in Part I of this thesis, Bi-2212 crystals
grown by a spiral-growth mechanism exhibit some special features in surface morphology
when compared with those grown by 2 D mechanisms. Spiral grown crystals have single,
double or multiple spirals on the sample surface, each with hundreds of turns. The spirals
occur in both square and hexagonal shapes. The former are created during the formation
of (110) twins. A recent important research results concerning the surface pinning [1] in Bi2212 crystals has shed light on the flux pinning mechanism in Bi-2212 and possibly in other
FITS. It has been shown that the surface pinning is cbrninant over a very wide temperature
range and infieldsfrom0 to 2000 O e in 2 D grown Bi-2212 crystals [1]. This phenomena
causes spiral-grown Bi-2212 crystals to be interest for further investigations of pinning
arising from the sample surface, since spiral-grown crystals have extra growth steps on the
sample surface which are k n o w n to contribute to flux pinning. It has been observed from
the use of decoration techniques that a growth step on the crystal surface can effectively
pin vortices [2, 3]. In this chapter, the P E in spiral-grown Bi-2212 single crystals was
investigated by measuring M - H loops. A n anomalous peak effect at magnetic fields of
1000-2000 O e was observed both in high T c (86 K ) and oxygen under-doped (Tc = 76 K )
spiral-grown crystals between 20 and 40 K. In addition, the anomalous peak almost
completely disappeared after growth spiral patterns were removed from the crystal surface.
The pinning associated with the growth spirals (steps) on the surface is proposed as a cause
of the strong peak effect found in spiral-grown BisSnCaCuaOy (Bi-2212) crystals, rather
than oxygen vacancies or screw dislocations.
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5.2. Experimental

The spiral-grown Bi-2212 crystals described were grown using KCl flux by the method

described in Part I of this thesis. Three crystals were chosen for the measurements. S

1 had four hexagonal spirals on its surface visible by optical and atomic force micros
The sample dimensions were 1.2 x 0.6 x 0.02 mm3, and it was slighdy oxygen under-

doped with a Tc of 86 K and a sharp transition oi 2K (Fig. 5.1). Sample 2, a typical sp
grown crystal with dimensions of about 1 x 0.7 x 0.035 mm3 was oxygen under-doped

(Tc=76 K) with a wide transition of 6 K and 5 hexagonal spirals visible on the surface.
Measurements of the hysteresis loops were performed using by using a Quantum Design™

Physical Property Measurement System. The sweep rate of the field for all the hysteresi
loops was 2.1 Oe/second. Tc was determined from ax. susceptibility measurements using

the same system in ax. measurement mode. The amplitude and frequency of the alternating
field were 0.1 Oe and 117 Hz, respectively.

0$.

Q.
CD
O
CO
13
Ui
O

ca

-2.0x10"L
25x1

°40 45 50 55 60 65 70 75 80 85 90 95 100

Temperature [K]

Fig.5.1. %' vs temperatureforsample 1 (solid line) and sample 2 before (closed arch) and af
ardes)removingsurface spirals.
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5.3. Results

The M-H loops for sample 1 (Tc=86 K) were measured at 5,15, 20, 30, 40, and 50K. T

secondary peak is clearly visible between 20 and 50 K as shown in Fig. 5.2 and dis
below 20 K. The M-H loops for sample 2 (having a low Tc of 76 K) also show a peak

effect at temperature between 20 and 40 K. The M-H loops of this sample recorded a

and 30 K are shown in the curve with open circles in Fig. 5.4. The field of the an

magnetisation peak, Hpeak, was about 1000 Oe for both samples between 30 and 40 K a
increased to 2000 Oe at 20 K, as shown in Fig. 5.2(a) and (b). It should be noted
although sample 2 has quite a low Tc (76 K) compared to sample 1 (Tc = 86 K), an

anomalous magnetisation peak at Hpeak = 1000 Oe is still observed even at a temper
40 K.

•

t

>

—

•

i

—

•

—

i

i

—

•

i

—

i

—

i

'

—

-4000-3000-2000-1000

—

i

i

—

0

—

i

•

—

—

i

i

—

—

i

•

—

—

•

i

—

—

i

•

—

—

i

i

—

r

—

'

—

•

—

'

1000 2000 3000 4000

Kg. 5.2 M-H loops for sample 2 at temperatures between 20 and 50 K

166

Part If. Chapter 5. Peak effect in Spiral-grown Bi-2212 cnxfids

60'

l

-4000

-2000

0

2000

4000

H(Oe)

(a)

-4000

-2000

0

2000

4000

H [Oe]

(b)
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Methods used for the PE characterisation discussed in the previous chapters were also
for the PE in the spiral grown crystals.

The behaviour of Hmax and Hmin as a function of temperature (shown in Fig. 5.4) in the
spiral grown crystals is the same as in pure and Fe doped 2212 crystals (see Chapters
4). From the M-H loops showing the PE, it can be seen that the secondary peak is much
weaker than the centre peak at H=0. This implies that there is a difference in the PE
between spiral grown and 2D grown crystals. As can be seen in Fig. 5.5, AMmax/ AMUD

decreases monotonically over the temperature ranges where the PE is visible. This is v
much different from the situation found in Fe doped and pure crystals
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grown by the 2 D growth mechanism. Furthermore, AMmax/ A M M J H is almost constant

over the entire temperature range. These features imply that the relative flux pinning

strength in the PE region with respect to the centre peak decreases monotonically with

increasing thermal activation and stays constant with respect to the background at th
of Hmin. Comparing AMmax/ AMmo or AMmax/ AMMb as a measurement of the PE in a high

quality pure crystal (see Chapter 3), it can be seen that the values of AMmax/ AMmo or

AMmax/ AMMn for the spiral-grown crystals are very small compared with the pure cryst
grown by the 2D mechanism. In the case of AH/Hmax vs T/Tc (Fig. 5.6), AH/Hmax drops

much faster than in 2D grown pure Bi-2212 single crystals (see Chapter 3). This shows

the relative fields where the peak appears with respect to Hmin drops very quickly and

monotonically with temperature, in contrast to what is found in Pb doped Bi-2212 and Y

123 (see Chapter 3). These results may indicate that the PE only occurs in a small po
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of the crystals. It is naturally expected that the small portion would be in the top surface
layer of the sample which contains large numbers of growth steps.
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Fig. 5.6. AH/Hmax

vs T/T for samples 1 and2.

5.4. Surface pinnings responsible for the P E in the spiral-grown 2212
crystals.

Sample 2 is oxygen under-doped with a very low T c of 76 K , corresponding to a smaller

proportion of Bi5* unit clusters as discussed in Chapter 3. In order to determine wheth

the peak effect observed for the spiral-grown crystals is related to growth spirals vis
the crystal surface, two types of experiments were performed. First, to examine the

possible effect of surface growth-spirals on the peak effect, the visible growth spiral

patterns were removed from the surface of one of the spiral-grown crystals (sample 2) b
cleaving with adhesive tape. When this method of removal is used, no surface damage

occurs on the new crystal surface. No growth spiral patterns were detectable on the new

Port 11. Chapter 5. Peak effect in Spiral-grown Bi-221.
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surface either by optical microscopy or by atomic force microscopy (AFM).

After

removing the tape, 80% of the visible growth spiral patterns on the surface had
disappeared and Tc did not change as measured by ax. susceptibility (see Fig. 5.1).
Approximately 30% of the sample volume was estimated to have been lost due to the
surface removal process. The M-H loops were then measured again as shown in Fig. 5.2

(closed circles). It is clearly seen that the peak effect (anomalous peaks at 1000 Oe at
and 2000 Oe at 20 K) almost completely disappeared after the surface growth spiral

patterns were removed. The residual spiral patterns are believed to contribute to a very

small peak in the M-H loops (closed circle). This strongly indicates that oxygen vacanci
are not responsible for the peak effect in spiral-grown Bi-2212 crystals.

In the second type of experiment, an M-H loop was also measured for a Bi-2212 crystal
which was grown by the two-dimensional layer-by-layer growth mechanism, but with the
same oxygen under-doping as sample 2 (Tc=76 K). Its M-H is the same as for undoped asgrown Bi-2212 2D grown samples (see Chapter 3). No anomalous peak can be seen. This is

due to the fact that there are very few clusters of Bi5* unit cells in such a sample. Th
result further confirms the previous conclusion that the growth spirals are responsible
the peak effect.

The microstructures of the growth spirals for samples 1 and 2 were examined by optical
and atomic force microscopy (AFM) as discussed in Part I. Sample 1 was observed to
have the same growth spiral pattern as sample 2. The widths and heights of spiral steps

were determined to be 1-5 urn and 3-5 unit cells (about 9-16 nm), respectively. These tw
samples contain only 3-6 large hexagonal spirals. It has been reported that screw

dislocations can pin vortices in Y-123 thin films [4], but large numbers of effective pi

centres cannot be ascribed to screw dislocations in these samples because there are such
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small number of spirals. However, although there are only a few screw dislocations in the

samples, there are several hundred spiral turns for each of the spirals. The kinks betw

steps can be expected to be pinning centres when the magnetic field H is parallel to th
axis. The number of vortices which can be pinned by the kinks along the spirals was
estimated to be about 10 8 /cm 2 when H//c at H = 0.2 T. This value is only two orders
of magnitude lower than the density of screw dislocations in Y-123 thin films.

Furthermore, edge barriers (surface barriers and geometric barriers) have recently been

found to be responsible for the peak effect at elevated temperatures for Bi-2212 and Y-

crystals [5-7]. Large numbers of steps with heights of 9-16 nm on the spiral-grown Bi-2

crystal surface can also be regarded as a large density of edge barriers. Enhanced flux

pinning and a larger peak effect can thus be expected for crystals with many spiral sur

patterns. This was indeed observed for our spiral-grown Bi-2212 crystals (Figs. 5.1 an

giving strong support to the idea that the step barriers are acting as the effective p
centres.

For the low Tc (76 K) spiral-grown Bi-2212 crystal the peak still exists at temperature
high as 0.5 Tc. This is in good agreement with previous findings that surface barriers
the source of the peak effect when the bulk pinning is weak, i. e. at these elevated
temperatures [5]. Furthermore, the value of Hpeak is above 1000 Oe at 30 and 40 K, and
larger than 2000 Oe at 20 K. This value is much higher than that induced by oxygen

optimum doping, defect dislocation networks or geometric barriers in crystals, indicat
much higher flux pinning associated with the growth spirals in spiral grown Bi-2212

crystals compared to the crystals grown by a layer-by-layer growth mechanism. It should

also be noted that after removing the spirals from the surface, the irreversibility fi

still higher than 5000 Oe, indicating that strong pinning still exists in the remainin

the spiral grown crystals, even though the peak effect has almost completely disappeare
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This may be due to the defects along the spiral steps inside the crystals, as s

TEM pictures obtained from the spiral-grown crystals after the removal of the s
spirals [8].

5.5. Summary

Spiral grown crystals with a large density of spiral steps showed a peak effect

1000 - 2000 Oe between 20 and 50 K, for both high Tc (86 K) and low Tc (76 K, ox

under-doping) samples. AH/Hmax decreases monotonically with increasing temperat

is the case for pure and Fe-doped Bi-2212 crystals. The fishtail effect could b

disappear by removing the surface spirals from the crystal surface. It is concl
peak effect in spiral grown Bi-2212 crystal is caused by surface pinning.
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Chapter 6. Conclusions

1. Interpretations of studies showing anomalous magnetisation peak effect in high T

superconductors are still controversial after a decade. Crystals defects, impurity i
and oxygen defects have all been regarded as the direct source of the peak effect.
point of view of flux pinning, the edge barriers, dimensional crossover, softening

and order - disorder transition have all been proposed to explain the origin of the
effect in Y-123 and in Bi-2212.

2. The Pb-doped crystals showed a strong peak effect over a very wide temperature r

from 20 K up to Tc. The peak field, FL^k, was found to be as high as 0.4 Tesla. Oxy

over-doping enhances the peak effect more than under-doping. The critical current de

Jc in Pb doped Bi-2212 crystal is found to be two orders of magnitude larger than i
pure crystals.

3. AM^/MQ vs T/Tc and (H^-H ^/ H

max

vs T/Tc were proposed to characterise the

peak effect. AM^ and AMQ represent the width of the hysteresis loop at the secondar

(H „J and the central peak Ho (H=0). H ^ represents the field at which the magnetisat

starts to increase, giving the anomalous peak. The new characterisation method has a
physical meaning. Firstly, if Hpeak=Hmin, i.e. the peak position at H^ overlaps with
anomalous peak disappears. By extrapolating AH/H^ to AH = 0 in the plot of AH/H^

vs T/Tc, the temperature where the peak effect disappears can be accurately determi
Secondly, the slope in AH/H^ vs T/Tc represents a measure of the change of the

anomalous peak with temperature. In other words, the slope represents the rate of t

formation and elimination of effective pinning centres contributing to the peak effe
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respect to the background pinning at H ^ . Thirdly, large values of A H / H ^ imply that the

peak effect can persist at relatively high magnetic fields. Small values imply the p

can only be present at fields close to H^ (or relatively small fields). AM^ /AH defi
the relative pinning strength for the field at H^ compared to zero field.

Using this novel characterisation method, AM^/MQ VS T/TC and (H^-H J)/ H

max

vs

T/Tc a comparison study of the peak effect was done for pure and Pb-doped Bi-2212

crystals, as well as Y-123 samples used for the present work. Results showed that th

effect in the Pb-doped Bi-2212 has the same behaviour as in Y-123 as determined by (
H rojj/ H

m3X

vs T/Tc. This behaviour is totally different from what is seen in pure B

For the Pb-doped Bi-2212 crystals, the values of AH/H^ increased very sharply up to
particular value and then remained constant over a very wide temperature range, but
decreased and disappeared rapidly. AH/H^ in pure Bi-2212 crystals decreases

monotonically with increasing temperature, but only within a very narrow temperature
range.

4. A model of clusters of Bi **• and Pb

4+

units in Bi3+ 2212 matrix clusters was prop

These clusters could cause distortion of the unit cells and reduction of the c-axis

parameter, thus introducing strong pinning centres and enhancing the vortex coupling
along (001).

5. The peak effect in pure Bi-2212 single crystals is very sensitive to the oxygen

distribution. It was found that the peak effect only appears for oxygen optimum dopi

and over-doping and disappears for oxygen under-doping. The peak effect only appears

over a narrow temperature range between 20 and 40 K with a peak field of 500-1000 Oe
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A model for the formation and decomposition of Bi 5+richclusters of 2212 units, which is

sensitive to the annealing or oxygen content and distribution has been proposed as a c
of the peak effect in pure Bi-2212 crystals. On increasing the proportion of Br*, the

parameter decreases resulting in enhanced coupling along the (001) direction, and a sh
of the irreversibility line to higher fields.

6. It was found that the critical current density Jc in Bi2A/ij^CuiyFe^O, increased

with the doping for doping levels less than 0.5 at. %. This proves that Fe point defects

contribute to the flux pinning. For higher doping levels ( > 0.5 %), Jc drops significa
The peak effect appears over a narrow temperature range between 20 and 40 K for y <

2.2% but with a small peak field of about 200 Oe. The peak effect in all the Fe -doped B
2212 can be explained by the existence of Bi5* cluster regions in the Br* 2212 matrix,
probably due to the oxygen content which at the same level in all the Fe doped samples.
The secondary peak moves away from the centre peak with a linear dependence on
temperature ((H^-H ^/ H

max

vs T/Tc), in a similar way as for pure Bi-2212 single

crystals.

7. The spiral grown crystals with large density of spiral steps showed a peak effect w
H^ of 1000 - 2000 Oe between 20 and 50 K, for both high Tc (86 K) and low Tc (76 K,
oxygen under-doping) samples. AH/H^ decreased monotonically with temperature,

similarly to pure and Fe-doped Bi-2212 crystals. The fishtail effect could be made dis

by removing the surface spirals from the crystal surface. It was concluded that the peak
effect in spiral-grown Bi-2212 crystal is caused by surface pinning.

8. In the research presented in this thesis on the peak effect in pure, Fe-, and Pb-dop

2212 single crystals grown by 2D and spiral growth mechanisms, it was concluded that the
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peak effect is not an intrinsic property of Bi-2212 crystals. The oxygen content is still the
decisive source of the PE in 2D grown Bi-2212 crystals. In the present samples, the PE
appears only for optimum oxygen doping and over-doping but it is absent for oxygen
underdoping in the 2D grown Bi-2212 crystals. However, from the results on the PE in the

Pb-doped Bi-2212 crystals, it seems that Pb-doping is more effective. Clusters of some s
may be the main source of the PE as discussed in point 4. Furthermore, the reduction of
anisotropy can lead to the PE in Bi-2212 appearing at high magnetic fields and at high

temperatures close to Tc. This is similar to what is found in Y-123 compounds. It can also

be said that, based on the surface pinning induced PE in the spiral-grown Bi-2212 crystal
extra pinning centres in addition to the usual background pinning may cause the PE in
HTS.

The effect of the density of these extra pinning centres on the appearance and
disappearance of the PE needs to be further studied for Bi-2212 crystals. Similar
investigation on the PE generated by extra pinning centres could profitably be extended
other HTS materials.
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